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Abstract 
The transport and fate of particles including microorganisms during physico-chemical 
filtration in natural and engineered aquatic environments remains essential for effective and 
sustainable drinking water treatment and wastewater reclamation, as well as understanding 
and assessing the risk of environmental contamination of water supplies. The development of 
models to predict particle deposition by physico-chemical filtration has been ongoing since 
the 1960’s. What is now considered classical colloid filtration theory (CFT) was developed in 
the 1970’s to predict particle removal during granular media filtration used for drinking 
water treatment. More recently, CFT has been applied to various applications related to 
subsurface particle and microbial transport and fate, including riverbank filtration, aquifer 
storage and recovery, bioremediation, and assessment of contaminant transport and fate. 
Significant discrepancies between predictions of particle deposition from current CFT 
models and experimental observations have been reported. While several model variations of 
CFT have been reported, models focusing on integration of impacts of collector surface 
geometry and physically-based mechanisms such as hydrodynamics have been rarely 
reported. 
The overall goal of this work was to describe and evaluate the contribution of media grain 
(collector) surface roughness on particle removal by physico-chemical filtration. Four phases 
of experiments were conducted to investigate the impacts of surface roughness on particle 
deposition in porous media and parallel plate systems. Bench scale “proof of concept” 
experiments (Phase I) were conducted using small filtration columns, two sizes of colloidal 
particles (1.0 and 4.5 μm diameter polystyrene microspheres), two sizes of glass beads (0.71 
to 0.85 mm and 0.5 to 0.595 mm), and three different levels of surface roughness. The 
experiments demonstrated that surface roughness not only enhanced particle deposition, but 
also decreased it. Classic colloid filtration theory, chemical heterogeneity, and 
hydrophobicity fail to explain this non-linear, non-monotonic impact of surface roughness on 
particle deposition; particularly decreased deposition resulting from increased surface 
roughness. The results indicated the existence of a minimum particle deposition efficiency 
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that is unique to each combination of sizes of colloidal particle, collector, and collector 
roughness. To verify this research finding, particle deposition experiments were conducted 
using a parallel plate chamber (Phase II) to further confirm and characterize the contribution 
of surface roughness to particle deposition. The impacts of different nano-scale quartz 
surface roughness sizes (10, 20, 50, 200 and 400 nm) on deposition kinetics of three sizes 
(0.55, 0.985 and 1.765 μm) of polystyrene microspheres suspended in 100 mM KCl were 
examined. A non-linear, non-monotonic relationship between surface roughness and particle 
deposition flux was again observed. A critical roughness size associated with a minimum 
deposition flux was identified for the experimental conditions investigated.   
A numerical model approach incorporating the effect of surface roughness on flow field 
profile, hydrodynamic retardation functions, and DLVO interaction energy was developed 
for a parallel plate chamber system (Phase III). Key physical and chemical properties of the 
flow field, colloids and the modified rough surface were precisely measured and utilized in 
the simulation. Changes to the flow field, the hydrodynamic retardation functions, and the 
DLVO interaction energy due to the presence of nano-scale collector surface roughness were 
implemented in the developed model.  The numerical solutions obtained using the developed 
model had excellent agreement with the experimental results obtained in research Phase II. 
This work provided a mathematical framework that was more applicable to real practice by 
including the effect of the collector surface roughness on particle deposition. The importance 
of the gravity effect was identified, underscoring the importance of precise measurements of 
particle size and density for model development.  
The verified model framework developed for a parallel plat chamber in Phase III was 
extended to spherical geometry and utilized to simulate particle deposition behavior in 
porous media in Phase IV. Functions that were validated in Phase III for the flow field 
profile, the hydrodynamic retardation functions, and the DLVO interaction energy were 
utilized. Various operational scenarios including particle size, loading rate and ionic strength 
were investigated. The Phase IV results could also be used to explain experimental results 
observed in the porous media experiments (Phase I). It was found that the presence of nano-
scale surface roughness was able to improve the particle deposition on spherical collectors; 
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the enhancement became more significant when roughness element height increased. Overall, 
this work demonstrated that nano-scale surface roughness and associated hydrodynamics can 
impact on particle deposition. These impacts can and should be incorporated into predictive 
mathematical models of clean bed colloidal particle deposition. 
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Chapter 1 
Introduction 
1.1 Granular media filtration for water treatment 
Granular media filtration (GMF) has been used for thousands of years as a separation process 
to remove small colloidal particles from fluids (1). In natural environments, colloids are fine 
particles in the size range of 10 nm to ~10μm and include silicate clays, Fe and Al oxides, 
mineral precipitates, humic materials and pathogenic microorganisms such as viruses, 
bacteria and protozoa (2).The presence and accumulation of colloids in water supplies can 
impact human health and drinking water treatment system operation (3-5). It has been 
estimated that over half of the global outbreaks of waterborne disease have been caused by 
the contamination of drinking water supplies with pathogenic bacteria and or viruses, which 
are bio-colloids (6, 7). Colloids can also accelerate the transport of heavy metals, recalcitrant 
synthetic organics and nutrients through porous and fractured media (4, 8-11).  
Increasingly stringent regulations necessitate a multi-barrier approach to protect drinking 
water from chemical and biological contamination (USEPA, 2000; IESWTR 1998; 
LT2ESWTR). To achieve this ultimate goal, treatment technologies for colloidal particle 
removal should be resilient, meaning they can consistently provide high quality finished 
water to protect public health  To be sustainable, treatment technologies should also be cost-
effective for application in both large- and small-sized communities. GMF, that is engineered 
and chemically assisted or naturally occurring in the subsurface, is one of few technologies 
that can concurrently achieve these objectives (12, 13).  
GMF can effectively achieve up to 5 log (99.999%) removal (or more) of colloidal particles, 
including some pathogens, from water (14-16). Several types of GMF systems are used 
during contemporary drinking water treatment, they include: rapid sand filtration (deep bed, 
multi-media, dual media), biological filtration, and riverbank filtration (12, 17). Operational 
conditions (e.g., chemical pre-treatment, water chemistry, hydraulic loading rate, backwash 
strategies etc.) and filter design (e.g., media type, size, hardness, density, uniformity etc.) can 
affect colloid removal by filtration(12). A thorough understanding of filter design and 
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operation effects on process performance is critical to ensuring optimal filtration 
performance and maximal protection of public health by provision of consistently safe 
drinking water. 
The concept of single collector efficiency (𝜂) quantitatively describes the colloid removal 
efficiency of a single grain of a filtration medium (i.e., a collector). This concept has been 
applied to the study of various natural filtration scenarios in the subsurface (e.g., 
fractures(18-20) and karst(21, 22), the vadose zone(1, 23, 24) and riverbank filtration(25)) to 
quantitatively describe the migration behavior of colloids. This concept has also been applied 
to several aspects of: wastewater treatment (26, 27), wastewater reuse (28), landfill leachate 
treatment (29), magnetic separation of particles (30), chemical-mechanical planarization in 
the semiconductor industry (31), and surface treatments for polishing (32),  as well as 
magnetic separation of submicron  particles (30), particle transport during oil extraction (33, 
34), particle cycling in marine chemistry studies (35, 36), and particle transport in the 
lungs(37). Accordingly, the importance of developing accurate tools for quantitatively 
describing colloid removal and deposition on surfaces such as filtration media extends well 
beyond water treatment applications, which are the focus of the present investigation. 
Since the first theoretical studies of GMF in the 1930s(1), four types of modeling approaches 
have been developed to describe particle deposition during GMF: macroscopic models (1), 
Eulerian models (38, 39), Lagrangian models (40-42) and regression models (43-45). 
Macroscopic models are not predictive in nature and are limited to specific systems operating 
under well-defined conditions because they are fitted models; accordingly, they are not 
commonly used(1, 46). Eulerian and Lagrangian models both describe colloid deposition 
behavior by simulating the forces/interactions exerted on colloids with numerical 
formulations; however, Eulerian models describe particle concentration in time and space. In 
contrast, Lagrangian models describe individual particle trajectory; they describe the colloid 
deposition behavior by simulating the forces/interactions exerted on colloids with numerical 
formulations(47, 48). Both of these two methods are predicative in nature, but require 
extensive computing capacity. The most commonly used models for describing colloid 
deposition during GMF are regression models developed as the best fit to numerical solutions 
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from either Eulerian or Lagrangian models. These models involve numerical simulation, but 
are much less computationally demanding than Eulerian and Lagrangian models and can 
yield reasonable approximations of observed data in most cases. Accurate and reliable 
solutions for these models depend on fundamental understanding of the 
forces/interaction/mechanisms that act upon on colloidal particles during the physico-
chemical filtration process.  
Deviations between experimental observations and existing filtration theory predictions have 
been extensively reported (5, 47, 49, 50). Several mechanisms have been suggested to 
explain the discrepancies between numerical models and experimental results including 
chemical heterogeneity (51, 52), short range forces (53), surface roughness (54, 55), and 
hydrophobicity (56). The majority of current theoretical explanations focus changes in 
DLVO interaction energy to help explain particle deposition behavior on surfaces such as 
porous media; however, significant discrepancies between numerical models and 
experimental results remain common. Other factors that can also influence particle deposition 
behavior on surfaces such as porous media include physical aspects of the system, such as 
changes in the flow field, hydrodynamic effects, and physical entrapment. Among these, 
media surface roughness is one key system attribute that merits further investigation (47, 57-
61).   
1.2 Research objectives 
 The overall goal of this research was to describe and evaluate the contribution of granular 
media roughness to particle removal. While this goal has numerous application areas, it is 
discussed here in the context of drinking water treatment. This knowledge can ultimately 
improve models for optimizing colloidal particle removal by filtration and enable their 
incorporation into practical filter design and operation strategies or assessments of colloid 
and nano-particle fate and transport in the subsurface. Specific objectives in pursuit of this 
research goal were: 
1) To define granular filtration media “surface roughness” conceptually to categorize various 
types of media roughness (e.g., smooth or rough media). 
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2) To design and commission a bench-scale filtration system for evaluating granular media 
particle removal performance and for determining the impacts of media surface roughness 
parameters on filtration process. 
3) To develop a mathematical model for physico-chemical filtration that includes the 
contributions of nano-scale roughness to particle deposition on granular media. 
4) To experimentally validate the developed mathematical model for physico-chemical 
filtration that includes the contributions of nano-scale roughness to particle deposition on 
granular media. 
5) To compare the outcomes from the mathematical model for physico-chemical filtration 
that includes the contributions of nano-scale roughness to those obtained by existing 
models for particle deposition on granular media. 
1.3 Research approach 
To meet these research objectives, four phases of investigation were conducted. These were: 
Phase I. Proof-of concept investigation: Bench-scale column tests using packed media of 
the same material, but with different surface roughness were conducted at 
identical operating conditions to definitively demonstrate that different scales of 
surface roughness can impact particle deposition behaviour. Model colloids 
(polystyrene microspheres) were suspended in a high ionic strength (100mM KCl) 
solution to maximize deposition potential by minimizing electrostatic double 
layer thickness around the particles and exclude the impact of electrostatic 
interactions with the collector surface. 
Phase II. Verification experiments: Particle deposition experiments were conducted using a 
parallel plate chamber to further confirm and characterize the contribution of 
surface roughness to particle deposition. Model colloids (polystyrene 
microspheres) suspended in a high ionic strength (100mM KCl) solution and 
plates fabricated with patterned nano-scale roughness were used in these 
experiments. The use of parallel plates enabled detailed analytical description of 
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the flow profile in the chamber. Extensive quality assurance and control efforts 
ensured that other factors such as chemical heterogeneity and hydrophobicity on 
the collector surface as well as physical trapping, blocking and particle 
aggregation did not contribute to experimental observations and were excluded 
from the data interpretation. The contribution of roughness to particle deposition 
was incontrovertibly demonstrated and quantified by avoiding confounding 
mechanisms such as the complex effects of flow, physical trapping (staining and 
wedging), chemical heterogeneity and hydrophobicity.  
Phase III. Numerical simulations for particle deposition in parallel plate chamber: Particle 
deposition in the parallel plate chamber (observed during Phase II) was 
numerically simulated. Key physical and chemical properties of the flow field, 
colloids and the modified rough surface were precisely measured and utilized in 
the simulation. Changes to the flow field, hydrodynamic retardation functions and 
DLVO interaction energy due to the presence of nano-scale roughness were 
implemented in the developed model. The contribution of each component on 
particle deposition was evaluated individually and collectively. A numerical 
framework was developed in Phase III that can provide a platform to verify the 
numerical simulation outcomes by comparing to the experimental result from 
Phase II with improved understanding of deposition mechanisms.  
Phase IV. Numerical simulations for particle deposition in porous media: Particle deposition 
in spherical geometry was simulated. The Phase III simulations demonstrated that 
the numerical expressions of flow field, hydrodynamic retardation functions and 
DLVO interaction energy curves could be modified to account for nano-scale 
surface roughness. These modifications were utilized during Phase IV to 
quantitatively investigate the contributions of media surface roughness on particle 
deposition on spherical collectors at water quality conditions that are favourable for 
particle deposition (i.e. high ionic strength). The work in Phase IV demonstrates the 
importance of incorporating surface roughness into the Convection-Diffusion 
equation, with accurate representation of its associated impacts on the flow field, 
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hydrodynamic retardation, and DLVO forces. The impacts of operational 
conditions including particle size, particle loading rate (i.e., approach velocity), and 
background electrolyte solution on particle deposition were evaluated at several 
roughness sizes. The outcome obtained in Phase IV can be used to better explain 
the non-linear, non-monotonic relationship between roughness size and particle 
deposition.    
  
1.4 Thesis structure 
This thesis is comprised of eight chapters. A comprehensive literature review is presented in 
Chapter 2. The forces, interactions and mechanisms impacting particle deposition behavior 
are discussed. This is followed by a critical review of existing filtration models that have 
been utilized to describe particle deposition during granular media filtration. Potential 
reasons for the discrepancy between model solutions and empirical observations are 
discussed. Factors that affect particle deposition on surfaces are briefly introduced. 
Knowledge regarding the effect of surface roughness on particle deposition is then 
summarized. 
Experimental results obtained from the porous media (Phase I) and parallel plate (Phase II) 
experimental investigations are elaborated upon in Chapter 3 and 4, respectively. A model 
incorporating the effect of surface roughness on particle deposition is developed for the 
parallel plate chamber in Chapter 5 (Phase III) and verified with the data presented in 
Chapter 4. The verified model framework is then utilized and adjusted to simulate spherical 
geometry (Phase IV); the adjusted model is presented in Chapter 6. Various operational 
scenarios are investigated using this model and are also illustrated in Chapter 6, where they 
are used to explain the results observed in the porous media experiments (Phase I). Chapters 
3 through 6 are presented in a paper format. Chapter 7 summarizes the conclusions and 
contributions from this thesis work. Research implications and further recommendations are 
presented in Chapter 8. 
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1.5 Nomenclature  
ac : collector radius [m] 
b : thickness of fluid shell surrounding the collector [m] 
ε : overall porosity of packed media [-] 
r : center-to-center distance between the approaching particle and collector [m] 
rV  : radial particle velocity components [m/s] 
V : tangential particle velocity components [m/s] 
 : Stokes stream function for flow field [-] 
u, v,w : velocity components on the direction of x,y,z in Cartesian coordinate [m/s] 
Vavg : the average flow velocity [m/s] 
b : half channel height in parallel plate chamber [m] 
z : vertical distance to the bottom surface in parallel plate chamber [m] 
i , j : different components of contact bodies for VDW force calculation 
A : Hamaker constant [J] 
: modified Hamaker constant between collector, colloid and water [J] 
: modified Hamaker constant between collector and colloid [J] 
: Hamaker constant between water and water [J] 
: Hamaker constant between colloid and colloid [J] 
h : separation distance [m] 
H : dimensionless separation distance [-] 
: Boltzmann constant [J/K] 
T : absolute temperature [K] 
: electrostatic potential of flat surface,  
: density of fluid [kg/m
3
] 
Vacuum : permittivity of the dielectric medium of vacuum 
: permittivity of the dielectric medium of water [C/Vm] 
: chemical potential [J] 
0
iu : standard chemical potential at 273K [J] 
collector colloid waterA  
collector colloidA 
water waterA 
colloid colloidA 
bk


0
iu
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: the valence of ion I 
: number of ions of type i per unit volume 
κ: Debye-Hückel length [m] 
 and : chemical potentials of the two spheres [V] 
and : chemical potentials of sphere and plates [V] 
h: absolute distance between particle and target surface [m] 
H : dimensionless distance normalized by the particle radius [-] 
and : densities of colloidal particle and fluid [kg/m
3
]  
g : gravitational acceleration vector [m/s
2
] 
( )E h : interaction energy per unit area between two flat plates [J/m2] 
( )F h : applied force between two spheres [N] 
: shear lift force,  
:dynamic viscosity of fluid [Ns/m
2
] 
: kinematic viscosity of fluid [m
2
/s] 
: wall-normal gradient of the streamwise fluid velocity [m/s
2
] 
: difference in the instantaneous streamwise velocity between the center of 
particle and fluid [m/s] 
l : distance between particle center and wall [m] 
 
 
: dimensionless number of inertia effect over viscosity [-] 
: dimensionless flow velocity [-] 
and : hydrodynamic retardation functions [-] 
is the Stoke-Einstein diffusion coefficient [m
2
/s] 
C: particle concentration [particle/m
3
] 
Sh: dimensionless Sherwood number [-] 
Sh : average Sherwood number [-] 
iz
in
1 i
S P
p w
LiftF

v
1 /G du dy
1 1sU v u 
/pa l 
/p sa U G 
2
0Re /pa v
0 /u H 
 1f H  2f H  3f H  4f H
D
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j : particle flux vector [mol/m
2
s] 
δ: dimensionless location of perfect sink boundary location [-] 
: dimensionless gravity force [-] 
: dimensionless DLVO force [-] 
: dimensionless vertical distance [-] 
: dimensionless distance along the flow direction [-] 
:dimensionless particle radius [-] 
: dimensionless particle concentration [-] 
: scaled particle ratio [-] 
: scaled radial velocity component [-]  
: scaled tangential velocity component [-] 
:scaled Pelect number 
= : ratio of convection over diffusion 
= : ratio of VDW force over thermal energy 
= : ratio of combined influence VDW force and fluid velocity on particle 
deposition 
= :ratio of stokes particle setting velocity over approaching velocity 
*g p
b
F a
Gr
k T

*
p
b
ad
DLVO
dy k T

 
*
p
z
z
a

* xx
b

* p
p
a
a
b

* cc
c

p
R
a
N
r

r
r
v
V
U

v
V
U

 
2 p
Pe
Ua
N
D

RN p cd d
VDWN
44 ( ) 3p p f Ba g k T  
AN 212 p
A
a U
GrN
2( )2
9
p p fa g
U
 


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LoN =
2/ 9 PA a U : Dimensionless VDW force number 
DLN = a : dimensionless EDLO force parameter 
diffN = /pdiff fv d De : dimensionless Diffusiophoresis number 
: VDW force between approaching particle and collector [N] 
: VDW interaction energy between approaching particle and contact surface [kT] 
: scaled gravity number 
: scaled interaction energy 
:dimensionless deposition flux 
: single collector efficiency 
: single collector efficiency of transport by diffusion 
: single collector efficiency of transport by interception 
: single collector efficiency of transport by sedimentation due to gravity 
α is the attachment efficiency 
0 ( , )F a    : filter coefficient (m
-1
) 
λ0: initial value of filter coefficiency (m
-1
) 
F(α, σ): the fitting function of filter coefficient 
vs : superficial liquid velocity (m/s) 
'( )V r : modified radial velocity component,  
slipr : dimensionless slip-length 
m : particle mass for trajectory analysis  
: virtual mass for trajectory analysis 
: VDW force 
: EDL force 
VDWF
VDWU
* G p
G
F a
F
kT

Bk T

 
 * ,J H 
2
c
I
a Uc



D
I
G
*m
VDWF
EDLF
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: short range force 
: Brownian motion force 
: drag force 
: the reaction rate for particle deposition 
t: the reaction time for particle deposition 
slipr : dimensionless slip-length 
Roughnessr :dimensionless roughness length 
slipF : modified hydrodynamic force using slip boundary condition 
no slipF  : hydrodynamic force using no-slip boundary condition 
: modified hydrodynamic force using slip length for approximation 
( )iF h : modified hydrodynamic retardation functions using slip length 
GMF: Granular media filtration 
DI: Derjaguin’s integration 
SEI: surface element integration 
VDW: Van der Waals force 
EDL: Electrostatistic double layer force 
SWTR: Surface Water Treatment Rule 
GAC: granular active carbon  
HHF approximation: Hogg-Healy-Fuerstenau expression for DLVO interaction energy 
DLVO: the name for interfacial force after Derjaguin and Landau, Verwey and Overbeek. 
USEPA : the US Environmental Protection Agency  
SWTR : the Surface Water Treatment Rule 
IESWTR : the Interim Enhanced Surface Water Treatment Rule 
LT1ESWTR: the long-term 1 Enhanced Surface Water Treatment Rule 
LT2ESWTR: the long-term 2 Enhanced Surface Water Treatment Rule 
 
 
  
ShortF
ShortF
dragF
Q
newF
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Chapter 2 
Literature review 
A literature review focused on granular media filtration (GMF) follows. Starting with the 
general history of GMF, Section 2.1 summarizes the significance of filtration and the factors 
used to describe it. To further describe particle deposition on filtration media, Section 2.2 
introduces the fundamental steps of transport and attachment/detachment and describes the 
associated mechanisms. Section 2.3 builds on the previous section and presents detailed 
description of colloid transport mechanisms and the equations that describe flow field 
profiles in parallel plate and porous media systems. Section 2.4 and Section 2.5 detail the 
fundamental interfacial and hydrodynamic forces that govern the fate (i.e. attachment/ 
detachment on surfaces) of particles suspended in solution. Theoretical models describing 
particle deposition rate (efficiency) on surfaces are introduced in Section 2.6. In Section 2.7, 
factors that influence particle deposition on surfaces are summarized. Section 2.8 concludes 
with a comprehensive review of the current understanding surface roughness contributions to 
particle deposition on surfaces. 
2.1 Introduction 
Regarded as a ‘robust technology’ for removing colloids and waterborne pathogens from 
water supplies, GMF has been widely used a critical component of the multi-barrier approach 
to protect drinking water from chemical and biological contaminants(1). Contaminants 
including metal oxides/precipitates, humic materials and pathogenic microorganisms can be 
generally considered as “colloidal particles” because they occur in the size range of 10 nm to 
10 μm(2, 3). The presence and accumulation of colloids in water supplies can impact human 
health by introducing water pathogens and sediment-associated heavy metals and nutrients, 
thereby challenging effective maintenance of drinking water treatment systems(4-6). 
 
Regulations related to drinking water filtration have changed considerably over recent 
history. In 1852 GMF was first recommended for the treatment of water in London; 
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specifically, it was suggested that river water supplies should be filtered before municipal 
distribution(7). In 1989, responding to congressional mandates in the United States (Safe 
Drinking Water Act Amendments, 1986), the Surface Water Treatment Rule (SWTR) was 
enacted in recognition that chemical disinfection alone is not effective in the removal of 
protozoa such as Giardia lamblia and Cryptosporidium parvum. It required mandatory GM 
of surface waters and groundwater under the influence of surface water. Stringent regulations 
for treated water quality continue to be implemented to protect human health from 
waterborne disease(8). In the United States, the US Environmental Protection Agency 
(USEPA) promulgated the Surface Water Treatment Rule(SWTR) regulated that treatment 
plants required to achieved 3-log cyst removal or inactivation (USEPA, 1989). In 1998, the 
Interim Enhanced Surface Water Treatment Rule (IESWTR) was promulgated to control 
water quality. In 2000 and 2002, the long-term 1 and long-term 2 Enhanced Surface Water 
Treatment Rule (LT1ESWTR and LT2ESWTR) were implemented to improve control of 
microbial pathogens such as Cryptosporidium and E.coli and 2-year monitoring program is 
needed to determine the treatment requirements.      
Despite of the emergence of alternative technologies such as membranes, UV, and nano-
filtration, GMF is still utilized as a relatively robust, affordable, and arguably “green” 
technology for the treatment of drinking water(7). Various operational factors (e.g. filter 
cycle run time, head loss development, media selection, backwash protocol, etc.) can affect 
filtration performance (7). Comprehensive understanding of filtration processes is required to 
achieve optimal particle removal performance and establish feasible operational strategies for 
maintaining process performance. Several operational factors that affect particle removal by 
filtration have been identified and are summarized in Table 2-1. 
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Table 2-1. Operational factors affecting particle removal performance in filtration 
Factors Description Consideration/effect References 
Chemical 
pretreatment 
 Coagulation, flocculation, 
clarification, pH adjustment, charge 
neutralization 
 Destabilize particles by 
compressing the thickness 
of double layer around the 
particle / collector or 
charge reversal 
(7, 9-12) 
Loading rate  hydraulic shear forces  High or unstable flow rate 
can deteriorate effluent 
water quality 
(9, 13-15) 
 
Backwashing   Typically an up-flow wash of 
filtration media with or without 
media fluidization and/or air or 
surface scour. 
 Extend the filter run time 
by removing all the 
clogged/ attached particles 
(1, 16-18) 
Ripening 
 
 
 
 
 
 Initial period of filter operation 
during which particle removal by 
filtration shows significant 
improvement  
 Effluent turbidity  may peak and 
then decrease until pseudo  steady-
state performance is achieved 
 Two separate turbidity peaks 
(associated with backwash 
remnants and non-attachment to 
filter media surfaces) may be 
present  
 Remove up to 90% 
particles ; 
 Improve overall particle 
removal by developing 
favorable surface site for 
attachment 
 Prolong filter run cycle 
(19-23) 
 
Media type is also important for optimizing particle removal during filtration. It 
fundamentally affects filter design and operation(22). A number of media–associated factors 
affect particle removal by GMF and their impacts have been demonstrated at bench-, pilot-
and full-scales. These factors include media type, size, size distribution, shape, density, 
hardness, porosity and surface roughness (Table 2-2)(7, 24-26). Quantitative measurement or 
description of many of these factors (e.g., size, size distribution, density and hardness) has 
been standardized; however, standard methods for describing media roughness, shape, and 
porosity are not presently available.  
Filter media characterization and selection for design heavily rely on anecdotal knowledge of 
filter performance.  Accordingly, much of GMF design is empirically based, with very 
limited consideration of fundamental processes that govern particle removal. Empirical 
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recommendations are often constrained for specific filter designs or localized water qualities. 
Improved theoretical explanation of particle removal mechanisms is therefore critical to 
understanding and optimizing filtration process design and performance; particularly in 
treatment scenarios without chemical pre-treatment, such as riverbank filtration and aquifer 
storage and recovery, where the subsurface is relied upon for its natural filtration capacity. 
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Table 2-2. Media characteristics influencing filtration performance 
Factors Description Measurement Reference 
Type  Several materials are commonly used in 
engineered filtration: silica sand, anthracite 
coal, garnet, granular active carbon (GAC), 
engineered ceramic media, etc. 
 Standard methods for 
sampling, 
testing ,placement and 
packing (AWWA B100-
96)  
 Specific standards for 
GAC (AWWA B604-90.) 
(7, 12, 
16) 
Size  Effective size (ES): the media grain diameter 
at which 10 percent of the media (d10) within 
the distribution are smaller by weight. 
Typically used in engineered filtration. d50 is 
often used to describe porous media in the 
subsurface.  
 In engineered filtration, it is typically 
considered that media depth should be 
~1000X larger than media size 
 Standard sieve analysis: 
American Society for 
Testing and Materials 
Standard Test C136-92.  
(27-29) 
Size 
distribution 
 Uniformity coefficient (UC): d60/ d10.  
 
 Standard sieve analysis: 
American Society for 
Testing and Materials 
Standard Test C136-92. 
(7, 30) 
Shape  Can be described as prolate/ oblate, angular 
and  round. 
 The ratio of surface area of an equal volume 
sphere to surface of grain is sometimes used 
 Shape indictor, sphericity, associated equation 
(Phi)  and  angularity are main factors 
 No standardized method 
for evaluation.   
 
(7, 12, 
31) 
Density  No direct influence on filtration performance; 
however, it does affect backwashing. 
 ASTM standard Test 
C128-93. 
(1, 7) 
Hardness  Indicator of long-term performance capacity.    MOH hardness numbers  
 hard to apply to small 
media grain) 
  Standard measurement 
for GAC abrasion 
resistance (AWWA 
Standard B604-90) 
(7) 
Porosity  The ratio of void volume to total bed volume.  
 Related to head loss, backwash flow rate 
 Affected by grain sphericity, angularity and 
media type  
 No standardized methods 
for evaluation.  
 
(7, 32) 
Roughness  No quantitative definition  
 Represent a combined effect of media 
numbers, size, density and surface asperity 
 Coarse media normally provides better 
removal performance than smooth media 
  No standardized method 
for evaluation.  
(7) 
 
 23 
2.2 The process of physico-chemical filtration 
Physico-chemical filtration should not be confused with straining, which is a size exclusion 
process. Particle removal by physico-chemical filtration has been described as a process that 
involves two distinct steps: transport of particles to media grain or “collector” surfaces and  
attachment of the particles on collector surfaces. A possible third step may also be included 
when considering filtration performance over time: detachment of particles from collector 
surfaces(33, 34). In suspension, colloids move along fluid streamlines and are transported to 
the vicinity of collector surfaces(1, 34). Particles can attach to collector surfaces if the net 
force on the approaching particles is attractive. Particle attachment to collectors is sometimes 
reversible; in these cases, detachment may occur(20, 35, 36). Figure 2-1 illustrates particle 
transport, attachment, and detachment during physico-chemical filtration in granular media.  
 
Figure 2-1. Schematic representation of physico-chemical filtration after Amirtharajah (1988)(19) 
2.2.1 Particle Transport 
Colloidal particle removal from a fluid suspension requires particle transport to within a 
close distance of a collector surface(33, 37). Summarized in Table 2-3, diffusion, interception 
(or convection), sedimentation, inertia and hydrodynamics are all mechanisms that contribute 
to this process(33, 34, 38). In water treatment, diffusion, interception/convection and 
sedimentation are regarded as the dominant mechanisms that govern particle migration 
behavior. 
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Table 2-3. Mechanisms for colloid transport to collector surfaces during physico-chemical filtration 
Mechanism Schematic Definition Considerations Reference 
Diffusion 
 
 Random motion of small particles brought on by 
thermal effects 
 Primary mechanism in granular media filtration;  
 Effective for particles which are smaller than 
1μm 
(34, 39, 
40) 
Interception  
 
 When a particle is close enough to a collector  Akin to straining but valid for small particles (19, 33, 
41) 
Sedimentation 
 
 Vertical transport of colloid due to the net force 
of gravity and buoyant weight on particles 
 Most significant for large particles (> 1 um in 
diameter) 
(33, 42) 
Inertia 
 
 Particles deviate from streamlines because of 
resistance to change in their state of motion 
(inertia) and contact a collector 
 Can been ignored in water treatment model due 
to the relative slow flow motion 
(43, 44) 
 
Hydrodynamics 
 
 Additional force between colloid and collectors 
caused by non-uniform shear distributions and 
complex flow patterns 
 Definition of the effect of hydrodynamics on 
particle transport is difficult due to the 
complexity of media pore geometry;  
 Not addressed in existing filtration theory 
(45, 46) 
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2.2.2 Particle Attachment and Detachment 
When particles are transported to the vicinity of collector surfaces, the net force exerted on 
the approaching particles determines if particle attachment will occur(47). These particle-
solid interfacial forces/interactions include short range forces, long range forces, gravity, and 
hydrodynamic interactions(33). The consequence of net attractive forces is attachment of the 
colloid to the collector surface and removal from the bulk suspension(48, 49). Detachment 
occurs when other, “pull-off” forces (e.g., hydrodynamic forces, Born forces, hydration 
forces etc.)(35, 36, 50) overcome attractive forces, resulting in particle migration back to the 
bulk suspension. Colloids can experience a repetitive process of capture and release or 
attachment and detachment, on porous media in packed beds.  In later stages of particle 
deposition in a packed bed (when substantial particle deposition has already occurred within 
the bed), particle-particle interactions such as attachment between particles, simultaneous 
detachment, and blocking of deposition sites can also occur; however, those are beyond the 
scope of the present investigation, which focuses on the early stages of particle deposition on 
surfaces (i.e, “clean bed” filtration) from dilute particle suspensions.  
2.3 Flow velocity profiles  
2.3.1 Flow fields in porous media 
Understanding and description of the flow field that carries particles to collector surfaces is 
critical to thorough quantitative description of colloidal particle deposition behavior (i.e. 
physico-chemical filtration) on different kinds of surfaces(51). In GMF, it is challenging to 
provide realistic numeric description of flow fields (i.e., fluid streamlines) around collectors. 
This challenge is attributable to the complexity of flow fields in packed media beds(52). 
Accordingly, assumptions are made to approximate flow fields around collectors in these 
systems. During the past 50 years, various theoretical models have been established to 
describe these flow field profiles(34, 46, 52-55); several key theoretical models for 
describing flow fields in porous media systems are summarized in Table 2-4. 
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Table 2-4. Representation of porous media as an assembly of collectors 
Model Schematic Descriptions Ref 
Isolated sphere 
 
Adapted from Yao and O'Melia (1971) 
 Convection-Diffusion (C-D) based Model 
 Valid at favorable conditions for deposition (i.e., high ionic strength), 
thereby assuming attachment efficiency is equal to unity 
 Assumes particle is fixed in space and  not affected by neighboring 
particles 
 First microscopic model (C-D) to describe the filtration process 
 Uses sum of analytical solutions to approximate numerical solution 
 Uses single collector efficiency (𝜂) to determine particle removal 
efficiency of collector (i.e. a single media grain) 
(34) 
Constricted tube 
 
Adapted from Tien and Payatakes (1979) 
 Trajectory based model 
 Packed bed considered as an array of pores, each of which is 
connected with its neighboring pores through narrow channels 
 Channel walls possess axial symmetry 
 First Lagrangian model to describe the filtration process 
 Packed bed was decomposed to a unit bed element (UBE) with 
determined length to describe the particle removal efficiency 
(56, 57) 
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Table 2-4(Continued). Representation of porous media as an assembly of collectors 
Happel’s sphere-in-
cell 
 
Adapted from Nelson and Ginn (2005) 
 Most commonly used for C-D based or trajectory based models 
 Packed bed represented as an assemblage of uniform cells 
 Each cell contains a solid sphere with a liquid envelope whose 
thickness is related to overall media porosity 
 Particles in the surrounding suspension have equal opportunities to 
access all unit collectors at the same vertical level from the inlet of 
filter 
 Particle removal is represented by single collector efficiency (𝜂) 
(58, 59) 
Dense cubic 
packing 
 
Adapted from Snyder and Stewart (1966) 
 Commonly used in aerosol applications 
 Trajectory based model with analytical solutions for flow field  
 Single spherical media forms a square lattice in each plane 
 Analytical solution is available for creeping flow 
(55, 60) 
Hemisphere-in-cell 
 
Adapted from Ma and Johnson (2009) 
 Trajectory based model 
 Uses two hemispheres with a liquid envelope to represent the packed 
media, including grain to grain contact points 
 Similar to the Happel’s sphere-in-cell model, but physically 
“stackable” for unit cells 
 Uses overall porosity to determine liquid envelope thickness 
 Potentially could be used at unfavorable conditions for deposition 
(52) 
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In above mentioned geometric representations of porous media, Happel’s sphere-in-cell 
model is the most widely known and commonly utilized model to represent packed bed 
geometry as an assemblage of uniform cells, each containing one collector/media grain. The 
advantages of Happel’ sphere-in-cell model are that a) each cell has an individual flow 
velocity profile around the collector(53, 59) that can be described with an analytical solution; 
b) it includes the concept of a fluid envelope around the solid collector that reasonably 
describes the realistic physical conditions of the fluid; and c) the solutions obtained from the 
model can be scaled up from one single collector to an entire packed bed without further 
assumptions. In this model, the packed media are generally regarded as perfectly smooth 
spheres and are assembled for form a bed using a simple cubic packing scheme(1, 51, 61). 
The collectors are assumed to be enveloped by a shell of fluid, the thickness of which (b) is 
related to the overall porosity (ε) of the packed media and described by.  
       (2-1) 
in which b is the thickness of fluid shell surrounding the collector, ac is the collector radius 
and ε is the overall bed porosity. When dealing with an incompressible fluid at steady state 
creeping flow (i.e. Stoke’s flow) conditions (i.e., when inertial forces are negligible), the 
fluid velocity field can be determined for the sphere, using spherical coordinates and the 
following boundary conditions(53)         
       (2-2) 
    when r =ac+b   (2-3) 
  when r =ac+b   (2-4) 
where r is the center-to-center distance between the approaching particle and collector, rV
and V are the radial and tangential particle velocity components, and  is the Stokes stream 
function.  The flow field velocity can then be represented by  
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      (2-5) 
      (2-6) 
Applying non-slip boundary conditions on the collector surface, the analytical solution for 
the stream function satisfying Equation 2-2 can be written as the follows(1): 
   (2-7) 
Where  
       (2-8) 
       (2-9) 
     (2-10) 
       (2-11) 
      (2-12) 
      (2-13) 
5
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The stream function in Equation 2-7 is only valid within the envelope of thickness b that 
surrounds the sphere/collector in the model. Once the particle is outside of the envelope 
(Happel’s fluid shell), Equation 2-7 cannot describe the flow field(53) due to the violations 
of assumed boundary conditions.   
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2.3.2 Flow fields in parallel plate chambers 
Flow fields in porous media are complex; therefore, none of models in Table 2-4 are able to 
realistically represent flow velocity profiles in these systems (62). The geometric 
representation of collectors in packed beds affects predicted particle deposition 
performance(52, 63). This makes it difficult to distinguish the impact of flow field on particle 
deposition from the impact of other factors such as surface roughness, chemical 
heterogeneity, etc. (64, 65). Different experimental configurations such as parallel plates can 
be used to overcome the confounding effect of representation of packed bed geometry(66, 
67). Parallel plate chambers offer several advantages over packed beds of porous media. 
These include: a) action of the same forces (Van der Waals, electrostatic double layer, etc.) 
upon the colloidal particles (but at different flow condition) (66, 68); b) ease of control, 
monitoring, and analysis (69-71); and c) availability of analytical solutions for flow field 
profiles(66). The fluid velocity profile and associated transport of a colloidal particle in a 
parallel plate chamber is depicted in Figure 2-2. In this system, flow can be assumed to be 
laminar, incompressible and steady. Ignoring entrance effects, a no-slip boundary condition 
can be applied at the bottom of chamber.  
 
Figure 2-2. Schematic representation of a parallel plate chamber (66) 
When the plate surface is chemically homogenous and smooth, a completely parabolic 
velocity profile is developed and can be expressed by 
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                                                         (2-15) 
                                                                              (2-16) 
                                                                              (2-17) 
where u, v,w represent the velocity components in the x,y,z directions in Cartesian 
coordinates, Vavg is the average flow velocity, b is the half channel height and z is the vertical 
distance to the bottom surface.    
2.4 Interfacial forces 
Once colloidal particles are transported to the vicinity of collector surfaces, forces exerted 
upon the particles will govern their attachment to and potential detachment from collector 
surfaces (1, 34). These forces are universal in natural and engineered environments(33) and 
include DLVO forces (the sum of Van der Waals and electrostatic double layer forces), 
short-range forces, gravity, and the shear lift force. These forces are comprehensively 
discussed below.      
2.4.1 Van der Waals force 
When two colloidal particles are in close proximity to one another, there is always an 
attractive force between them. It is caused by spontaneous electric and magnetic polarization 
and is commonly called the London van der Waals force (VDW)(34). Essentially, it is a force 
between dipoles. A microscopic approach developed by Hamaker (1937) has been 
traditionally used to assess the magnitude of the VDW force(72-74).  In this approach, the 
interactions between particles and surfaces can be estimated by summation of the pairwise 
combinations of the interactions between the atoms/molecules of which they are 
composed(51, 67, 75). The VDW force can be calculated as         
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where is the VDW force, is the VDW interaction energy, i and j are the different 
components of interacting bodies, A is the Hamaker constant, h is the separation distance, 
is the Boltzmann constant and T is temperature.  
During GMF, a dilute suspension of colloidal particles in water flows around collector 
surfaces. The associated calculation of the VDW interaction described by Equation 2-18 
requires modification of the Hamaker constant, which can be approximated as(29, 76)  
 
(2-19) 
where is the modified Hamaker constant and , and 
 are the original Hamaker constants between each of the interacting bodies in the 
system. Obtaining an exact value of the Hamaker constant for water treatment and other such 
applications is difficult because of the polar nature of water and the confounding interaction 
with ionic strength. In practice, the Hamaker constant is commonly selected from the range 
of 10
-21
 to 10
-19 
J so that it best fits experimental data(51).  
The Hamaker method is able to provide relatively accurate estimation of VDW forces at 
short separation distances(75). When the separation distance is large (~100 nm), a retardation 
effect leads to a reduced interaction; in these cases, the Hamaker method overestimates the 
VDW interaction due to the electromagnetic nature of VDW(73, 77, 78). To represent the 
retarded VDW force, a correction factor f(P) is introduced to the Hamaker expressions(78). 
The analytical expressions of VDW interaction energy (un-retarded and retarded functions) 
for sphere-sphere and sphere-infinite plate geometries according to Equation 2-18 are 
summarized in Table 2-5. These analytical solutions are only valid for simple geometries 
such as spheres, flat plates, etc(33). If the shape of the particle and/or collector is irregular, 
these solutions are not valid and different numerical methods such as the Derjaguin 
approximation(79) and surface element integration(80, 81) should be used in the calculation; 
some of these analytical expressions are also provided in Table 2-5.  
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VDWU
bk
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Table 2-5. Analytical formulas for un-retarded and retarded VDW interaction energy (33) 
Expression Applied condition 
 
 Sphere to sphere; 
 Un-retarded  
 
 Sphere to infinite plate; 
 Un-retarded  
 
 Sphere to sphere; 
 Retarded; 
 h<λ/π, h<<ai   
 
 Sphere to infinite plate; 
 Retarded  
 
 Rough sphere and b=5.32; 
 Retarded  
 
  
2 2
2 2 2 2 2 2
2 2 ( )
[ ln( )]
6 ( ) ( ) 4 ( ) 4
ij i j i j ij i jVDW
Sphere sphere
ij i j ij i j i j ij i j i j
A a a a a R a a
U
R a a R a a a a R a a a a

 
   
       
12
VDW P
Sphere plate
Aa
U
h
  
1
6( ) (1 11.12 / )
i jVDW
Sphere sphere
i j
Aa a
U
a a h h 
  
 
1
12 (1 14 / )
VDW P
Sphere plate
Aa
U
h h 
  

1 ln(1 )
6( )
i jVDW
Sphere sphere
i j
Aa a bh h
U
a a h bh S



 
      
 34 
2.4.2 Electrostatic double layer force 
Colloidal particles and media grain collectors are typically charged in both natural and 
engineered filtration applications (82). When charged colloidal particles suspended in 
electrolytic solutions (e.g., fine sediments suspended in river water) approach collectors, their 
individual double layers overlap and electrostatic forces are exerted on both the particle and 
the collector(83). To quantitatively describe the electrostatic double layer force (EDL), the 
well-known Poisson-Boltzmann equation has to be solved either numerically or analytically 
with assumptions (i.e. linear approximation for charge distribution)(83).  
When a charged element (e.g., a colloidal particle) is immersed in a dielectric medium (e.g., 
water), the strength of the electric field can be significantly reduced because molecular 
dipoles tend to align to balance the electric field. Permittivity (ε) describes how an electric 
field affects, and is affected by, a dielectric medium. The ion distribution and spatial 
distribution of chemical potential can be quantitatively described by the Poisson equation, 
which is (83-85) 
      
(2-20) 
where the is the electrostatic potential of a flat surface, is the density of fluid and is the 
permittivity of the dielectric medium. Because the electric and diffusion forces on ions must 
be balanced, the electro-chemical potential of ions on the particle can be described by 
       (2-21) 
       (2-22) 
      
(2-23) 
where is chemical potential and is the valence of ion I, where is the number of ions of 
type i per unit volume, kb is the Boltzmann constant ,T is the absolute temperature, 
0
iu is the 
standard chemical potential at 273K and e is the charge of electron . It should be constant 
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everywhere. Assuming that the electrostatic and chemical potentials are constant on the plane 
parallel to the charged surface, Equation 2-21 can be simplified to the one dimensional 
expression   
     
(2-24) 
Given the definition of chemical potential for flat surfaces, Equation 2-20 can be analytically 
solved by integrating Equations  2-22 through 2-24 from a point in the bulk solution where 
=0 and = . 
Given the volume charge density in the neighborhood of colloidal surface described as 
      
(2-25) 
The complete Poisson-Boltzmann equation, which has been successfully used to define the 
electric potential distribution in the diffuse ionic layer adjacent to a subject with charged 
surface(83), can be expressed as  
 
    
(2-26) 
The partial differential equation (PDE) in Equation 2-26 can be solved analytically. When 
is small (i.e. << ), the exponential term can be approximated using the relation that 
when x is small (Debye-Hückel approximation). is commonly called inverse 
Debye-Hückel length and is described by 
     
(2-27) 
      
(2-28) 
Equation 2-26 can be represented using the full formula of chemical potentials as  
    (2-29) 
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Representative curves for the linear-approximation and fully developed electric potential for 
the double layer in one-dimensional space are plotted in Figure 2-3 where the y axis ( * ) 
represents the dimensionless electric potentials and the x axis ( *y ) represents the 
dimensionless distance away from the collector surface. In Figure 2-3, the solid lines are the 
linearized solution for the electric potentials whereas the dots are the full solutions for 
Equation 2-29.  When the electric potential is small, the linear approximation reasonably 
represents the fully developed electric potential distribution. When the electric potential is 
greater than 25.2 mV, the Debye-Hückel approximation overestimates the potentials(86). 
 
Figure 2-3. Representative curves of linearized and fully developed Poisson-Boltzmann equation for 
electric potential distribution (83) 
Using the Debye-Hückel approximation, the EDL force between a sphere and flat surface  
( ) and two spheres ( ) can be expressed respectively by(75) 
   (2-30) 
   (2-31) 
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where s and p represent the sphere and plate, i and j represent the two different spheres,   
and are the respective chemical potentials of the two spheres and h and H are the true and 
dimensionless surface-to-surface distance. and are the chemical potentials of the 
sphere and plate respectively. 
The analytical solutions of the Debye-Hückel approximation for the electrostatic double layer 
interaction (Equation 2-30 and 2-31) have often been used improperly(33, 87) because the 
conditions under which the approximation is valid have been disregarded; specifically, the 
linear approximation is only valid when chemical potentials are within the range of ± 25.2 
mV(88, 89). If the chemical potential exceeds this range, the EDL interaction calculated by 
the Debye-Hückel approximation is overestimated by several orders of magnitude and the 
region of the EDL force is affected significantly(75).  
2.4.3 Short range forces/interactions 
Short range forces are a group of interfacial forces that had been introduced to interpret the 
discrepancy between experimental results and theoretical calculations for colloidal stability, 
deposition and adhesion in engineered and natural environmental systems (90). They include 
the Born repulsive force(20), hydration effects(46, 91), hydrophobic interactions(92-
94),steric interactions(95), polymer bridging(33), and Lewis acid–based interactions(90). 
These forces have been recognized for a long time, but their exact nature has not yet been 
firmly established. The presence of these forces is also not as universal as the VDW and EDL 
forces and is highly dependent on particle and collector characteristics (materials, adsorption, 
hydrophobicity, etc.)(67) and the aquatic environment(33). Universal quantitative 
descriptions that account for all these of forces/interactions are not currently available.  It is 
believed, however, that all the short-range forces are only effective within 5 nm from the 
collector surface (67, 96, 97) and that most of them are repulsive forces. Table 2-6 
summarizes the details of these forces. 
 
1
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Table 2-6. Short range forces/interactions of the colloids and target surface 
Forces Description Characteristics Reference 
Born force  Overlap of atom electron clouds   Repulsive short range force; 
 Effective at small inter-atomic distances 
(20) 
Hydration  Water molecules strongly bind to surfaces 
containing hydration groups 
 Repulsive short range force; 
  i.e. hydroxyl(-oh) group 
(46) 
Hydrophobic effect  Attractive force that exists between hydrophobic 
surfaces 
 Attractive short range force;  
 Decrease exponentially with distance. 
(98, 99)  
Steric interaction  Occurs when colloids are coated with 
macromolecules 
 Short range force;  
 Can be attractive/ repulsive -depends on the polymer-
solvent interaction 
(95, 100) 
Lewis acid–base 
interaction 
 The formation of hydrogen bonds during the 
hydrolysis process 
 Usually repulsive force 
 Can be represented by the Gibbs energy of acid-base 
free energy per unit area   
(90, 101) 
Polymer bridging 
 
 More than one uncoupled polymer aggregated 
together 
 Usually charged and repulsive from each other 
 Stability highly related to ionic strength  
(7, 33) 
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2.4.4 Gravity  
The gravity effect is well understood for colloid transport and attachment on surfaces. It 
relies on the relative density between suspended colloidal particles and their total volume. It 
can be numerically represented as the net effect of gravity and buoyancy forces on the 
particles suspended in the solution and expressed as  
     (2-32 ) 
where the ap is the particle diameter, and are the colloidal particle and fluid densities 
and g is the gravitational acceleration vector(66). 
2.4.5 Interaction energy Integration 
Commonly reported in the literature, the effect of all the forces on the colloid can be 
numerically represented as the interaction energy, the integral of specific force over 
distance(34, 67, 75, 102). The net force exerted on a colloidal particle can be defined as the 
derivative of the overall interaction energy over distance (Equation 2-33). Different 
numerical methodologies are used to calculate the interaction energy, including Derjaguin’s 
integration (DI)(79) and surface element integration (SEI) methods(81). The applied for
can be described by 
      
(2-33) 
where is the interaction energy per unit area between two flat plates and h is the 
separation distance. 
The DI method is an approximate solution for total interaction energy in which the target 
objects (approaching particle/sphere and surface/plate) are regarded as a series of parallel 
concentric rings; each concentric ring is a flat plate with certain width.  The total interaction 
energy is calculated by integrating the plate–plate (ring–ring) interaction energies over the 
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area of the leading face(s) of the curved surface(s) of the two rings (75, 79). It can be 
represented as  
     
(2-34) 
where is the interaction energy, is parameter for different shape and D is the 
minimum separation distance. 
The DI method is able to provide good approximation of the overall interaction energy when 
the thickness of the double layer is much smaller than the object (81). The energy,  
decays with distance quickly enough so that its contribution to is insignificant in the area 
some distance away from the point of the closest approach of the two rings. In other words, 
all of the interaction energy is from a small region around the point of closest approach; 
surface curvature is ignored.  
Proposed for systems described by complicated geometry, the SEI approach is a more 
general form of the DI method(81, 88, 103-105). It computes the total interaction energy 
between two bodies by numerically integrating the interaction energy per unit area between 
opposing differential planar elements over the entire surfaces. It can handle both protrusions 
and depressions on a surface and is accurate when the double layer thickness is comparable 
to the scale of the objects. Using the SEI method, the interaction energy for realistic surface 
features can be calculated. The major disadvantage of the SEI method is that significantly 
more computationally intensive than the DI method(80, 105, 106).    
2.4.6 DLVO theory 
The classical theory of colloidal stability developed by Derjaguin, Landau, Verwey, and 
Overbeek, collectively known as the DLVO theory, is typically used in CFT models to 
describe the interactions between particles and media grain (collector) surfaces(86, 107, 108). 
Within the framework of DLVO theory, all of the above-mentioned forces are regarded as 
interfacial forces between the colloidal particle and the collector surface. Their contributions 
on particle deposition (or particle destabilization) are additive. They can be combined 
( ) ( )DI
D
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together and numerically represented by the total interaction energy between the approaching 
colloidal particle and the collector surface as a function of separation distance(77, 89, 109).  
Originally, classic DLVO theory only accounted for the impacts from VDW and EDL forces 
(long range forces), which are only valid when the separation distance is relatively large(75). 
More recently, extended DLVO theory has been developed and includes the contributions of 
short-range forces on particle deposition or stability in addition to traditional total interaction 
energy(90). The total interaction ( ) is then expressed as the sum of the long- and short- 
rang forces by 
    
(2-35) 
      
(2-36) 
where is the VDW interaction, is the EDL interaction, is the short-range 
interactions, is the net force exerted on colloidal particle and h is the separation 
distance. 
Representative curves of DLVO interaction (the sum of VDW and EDL force only) are 
shown in Figure 2-4. The EDL force decreases exponentially with increasing separation 
distance, whereas the VDW force decreases slowly with distance. When a particle is very 
close to the collector surface, a primary energy minimum exists where the attractive VDW 
force is dominant. Here, the total interaction energy is negative and the particle will attach to 
the collector surface, thus being removed from the bulk suspension. When the separation 
distances between particles and collectors are a few nanometers, an energy barrier is present. 
Colloids that have been attached on collector surfaces have to overcome this energy barrier to 
migrate from collector surfaces back to the bulk suspension (43, 110). If separation distance 
increases up to 5 nm, the net interaction energy will decrease to a negative value and the net 
forces on particles will be attractive. The peak of this negative net interaction energy is the 
secondary minimum. When separation distances increase from here, total interaction energy 
will be negative, but relatively small (111, 112).  
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Figure 2-4. Typical interaction energy curves between particle and media surface at unfavorable 
conditions 
The net interaction energy between colloids and collector surfaces is highly dependent on 
aquatic chemistry. Two types of interaction energy curves are presented in Figure 2-5: 
unfavorable and favorable conditions for deposition. In natural environments, colloids and 
filtration media (e.g., sand, clay, etc.) typically possess a net negative charge at neutral pH 
and low ionic strength (3)(3). The energy barrier, the presence of which can “slow” down 
colloid attachment, then emerges a few nanometers away from the collector surface(113). 
Accordingly, this aquatic condition is considered “unfavorable”. At unfavorable conditions, 
colloid deposition rates are relatively slow, because colloids have to overcome energy 
barriers to deposit on collectors (46, 55). An interaction energy curve at unfavorable 
conditions is shown in Figure 2-5(a). In contrast, in engineered filtration systems operated 
after optimal coagulation, favorable conditions are commonly present, at which colloid 
deposition rates are relatively fast(34). Due to the high ionic strength in these systems, the 
double layer around the collectors is compressed extensively. An interaction energy curve at 
favorable conditions is shown in Figure 2-5(b), with no energy barrier between the colloid 
and collector surfaces(43).  
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Figure 2-5. Schematic representation of net interaction energy between a particle and plat plate at 
favorable and unfavorable conditions (43)   
2.5 Hydrodynamic mechanisms 
In addition to interfacial forces, hydrodynamic effects caused by flow streams and wall 
effects associated with flow velocity changes near collector surfaces also impact colloidal 
particle deposition. Accordingly, the shear lift force and hydrodynamic retardation effects 
must also be considered when describing particle deposition on collector surfaces.  
2.5.1 Shear lift force 
Saffman 1965, 1968 first introduced the shear lift force, which is caused by velocity 
gradients in bulk flow(114, 115). When a particle is moving through a viscous liquid with a 
velocity component different from uniform shear, the particle will experience a lift force 
perpendicular to the flow direction due to inertia in the viscous flow. It can be represented by 
    
(2-37) 
where is the shear lift force, is the dynamic viscosity, is the kinematic viscosity, ap is 
the particle radius, is the wall-normal gradient of the streamwise fluid velocity, 
is the difference in the instantaneous streamwise velocity between the center of 
the particle and the fluid. 
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The derived Equation 2-37 reasonably describes the shear lift force in the bulk solution but 
overestimates the shear lift force at small separation distances. After Saffman’s work, Cox 
and co-workers (116, 117), McLaughlin and co-worker(118-120) derived a theoretical form 
of shear lift force that considered wall effects and was applicable when the distance between 
the particle and collector surface was comparable to the particle radius(121); it is described 
by 
  
(2-38) 
where l is distance between the particle center and wall and , . 
The Shear lift force estimated by Equation 2-38 is generally smaller than that derived by 
Saffman (1968) and is the same as the Saffman force when the particle is far from the 
collector surface. By accounting for wall effects, the shear lift force formula is more 
applicable to modeling and predicting particle deposition in various natural and engineered 
environments(121).  
O’Neil (1968)(122) and Leighton and Acrivos (1985)(123) extended the studies of shear lift 
force to include inertial effects when colloidal particles contacted but did not fully attach to 
collector surfaces. When a particle is under a simple shear flow at condition of small 
Reynolds number (i.e., Re < 0.1), the shear lift force can be determined by 
       (2-39) 
      
(2-40) 
where Re is Reynolds number, is the dimensionless flow velocity and H is the 
distance from collector surface.     
Colloidal particles suspended in a flowing solution constantly experience a shear lift force 
that always “lifts” them from target surfaces. Although it might be relatively small compared 
to other forces at certain circumstances, the shear lift force still should be considered, 
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especially in porous media systems like packed beds even the Re is still small.  Notably, it 
has been recently found that the shear lift force on approaching particles can be significantly 
enhanced by collector surface roughness(124).  
2.5.2 Hydrodynamic retardation effect 
Other than the shear lift force, colloidal particles also experience a retardation effect as a 
result of hydrodynamic disturbances generated by the presence of bounding walls. In the 
vicinity of collector surfaces, where particle attachment takes place, the velocity field of an 
approaching particle will be altered. First developed by Brenner and co-workers (1961, 1967 
and 1968), the dimensionless hydrodynamic retardation functions ,  and 
are employed to describe deviations in particle velocity from bulk fluid motion by 
      (2-41) 
     (2-42) 
where H is the dimensionless surface-to-surface distance(122, 125-127). The modified 
diffusion tensor between the approaching particle and the surface are described by  
and .(66, 74) 
     (2-43) 
     (2-44) 
where is the Stokes-Einstein diffusion coefficient.  
As described in Equation 2-41 to 2-44, the tangential and perpendicular velocity components 
are retarded due to the presence of a bounding wall/surface. For the purpose of particle 
attachment in this thesis work, as the distance between the particle and target surface 
decreases, approaching particles experience hydrodynamic resistance and it becomes harder 
to get closer to the collector surface(33). Precise description of the hydrodynamic retardation 
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functions is important, especially when H is approaching zero for attachment and infinity for 
detachment(1, 87). Analytical solutions have been developed to numerically represent the 
hydrodynamic retardation effect(53, 125-128); however, it their use is computationally 
intensive.  To overcome the disadvantages of using the full analytical solution, simplified 
analytical functions valid only at the asymptotic limits have also been developed. 
Alternatively, numerical methods have also been commonly utilized(33, 52, 61). Universal 
functions that are precise over the entire domain, but also require some computational 
capacity are still lacking in the literature.    
2.6 Filtration theory 
Ideally, filtration theory should be able to predict the transport and fate of various particles 
including bacteria, viruses and protozoa, as well as colloid-bounded pollutants in porous 
media. Historically, four basic approaches have been utilized to describe particle transport 
and deposition in porous media. They include: Eulerian models(33), Lagrangian models(1, 
129, 130) macroscopic models(41), and regression models(61, 131, 132). Eulerian models 
use a simplified geometric representation of porous media; the spatial distribution and 
probability density of colloidal particles in time and space is quantitatively evaluated under 
the influence of various forces/interactions(51). Lagrangian models, which are developed 
based on Newton’s second law, consider each individual colloidal particle’s behavior or 
“trajectory” at the microscopic level(47). The macroscopic or “phenomenological” approach 
combines mass balance with an empirical rate expression to model particle removal and 
estimate headloss(55). Aiming to avoid laborious mathematical calculations and acquire 
empirical equation, regression models have been developed to best fit the numerical solutions 
of Eulerian or Lagrangian models at various operational conditions(131).  The quantitative 
formulations, numerical solutions and applications of these models are comprehensively 
reviewed below. The limitations of these models are discussed with a focus on model ability 
to describe impacts of granular media surface characteristics on filtration performance.   
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2.6.1 Eulerian approach 
Determined from the conservation law, the mass transport of particles in dilute suspensions 
can be expressed as 
      (2-45) 
where J is the particle flux vector, is particle reaction rate, c is particle concentration and t 
is reaction time. At steady state without additional chemical reactions, the general 
convection-diffusion equation for mass transfer due to diffusion, convection and external 
forces can be expressed as  
   (2-46) 
qhere T is the absolute temperature, is the Boltzmann constant, c is the particle 
concentration, D is the diffusion tensor, and F is the external force. The convection-diffusion 
equation as shown in Equation 2-46 describes the particle distribution in time and space and 
can be solved numerically when the flow velocity field, diffusion tensor and external forces 
and associated boundary conditions are all known. 
To conduct numerical simulations using equation 2-46, several mathematical criteria and 
assumptions must be met. Explicit formulas of Equation 2-46 need to be dimensionless to 
reduce the numbers of variables and decrease computing demands. In porous media, which 
are represented by spherical geometry, the formulae also need to be converted from spherical 
coordinates to Cartesian coordinates to facilitate simulation. It is also critical to appropriately 
define boundary conditions in the simulation domain so that the partial differential equations 
can be properly solved. A perfect sink boundary condition is commonly implemented on 
collector surfaces and assumes that if particles are located close enough to collector surfaces, 
they can attached and simultaneously removed from the simulation domain. A cut-off 
distance ranging from 0.4 nm to 1 nm at favorable conditions for deposition has been 
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assumed and utilized(51, 52, 133). It is also assumed that when particle is far away from the 
contact surface, the concentration of colloid is equal to the bulk concentration.      
2.6.2 Lagrangian approach 
The Lagrangian approach, commonly referred to as “trajectory analysis,” involves 
determining particle deposition rates from particle trajectories. By knowing all the elaborated 
forms of all force vectors exerted upon particles and their associated streamlines, the 
trajectories can be determined using Newton’s second law. First proposed for aerosol 
deposition in the 1930’s(134, 135), the concepts of trajectory analysis were first applied to 
water filtration in the 1970s(130). Various models have been developed using different 
geometric representations; they are summarized in Table 2-7.  
The general equation describing particle migration through a flowing fluid around a collector 
surface can be written as 
   
(2-47) 
where m is the particle mass, is the virtual mass, and u is the transit velocity vector. On 
the right side of Equation 2-47, a list of all potential forces is presented, including VDW 
forces ( ) and EDL forces ( ), short range forces ( ), gravity ( ), Brownian 
motion ( ), shear lift force( ) and drag forces ( ). 
Results from trajectory analysis should be the same as those obtained by solving the 
convection-diffusion equation. In contrast to the Eulerian approach, trajectory analysis is able 
to describe the behavior of individual particles and enables calculation of the overall 
deposition rate by statistical analysis after simulation; of course, the deposition behaviors of a 
large number of particles must be calculated to make meaningful conclusions.  The numerical 
solutions associated with trajectory analysis are substantially more computationally intensive 
and time consuming compared to Eulerian, convection-diffusion based approaches(52); 
however, they can also be applied to more complicated surface geometric features and 
localized physical/chemical heterogeneity mapping(104, 136). Existing models commonly 
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utilize simplified geometry to approximate realistic flow conditions and physical/chemical 
properties; however, the interactions between neighboring collectors and the dynamic 
repetitive processes of attachment and detachment between particles and collectors are rarely 
represented. Nonetheless, the framework of trajectory analysis enables the development of 
numerical solutions to describe particle deposition in more complicated geographic 
situations.  
2.6.3  
2.6.4 Macroscopic models 
Macroscopic modeling approaches are empirical and developed based on experimental data 
for specific deposition rates. The mathematical formulations of macroscopic models are 
based on the mass balance for a differential element of depth in a filter, which can be 
generally expressed as  
Mass accumulation=mass flux in-mass flux out ± reactions                         (2-48) 
Macroscopic models do not focus on the accumulation of particles on single collectors, but 
rather evaluate mass accumulation of different elements. A simplified one-dimensional 
model that represents a suspension flowing through porous media is shown in Figure 2-6.  
 
Figure 2-6. Schematic representation of a suspension flow through porous media 
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Combined with mass balance (Equation 2-48), the specific deposition rate can be expressed 
as  
sv c
t





                                                           (2-49) 
where c is the particle concentration (mg/L), z is the axial distance in filter (m), σ is the 
specific deposition mass of accumulated particles per filter bed volume (mg/L), λ is the filter 
coefficient (m
-1
), vs is the superficial liquid velocity (m/s), and t is the filter run time (s). It 
should be noted that the relationship between colloid concentration in the bulk suspension (c) 
and colloid deposition (σ) follows first order kinetics(1, 55, 137).  
Determination of λ is the key step for macroscopic model simulation, because the other 
parameters can be measured experimentally. For homogeneous media, the initial value of λ is 
considered constant as λ0.  The filter coefficient λ changes over time and depth due to the 
capture of colloidal particles by collector surfaces. Particle removal efficiency increases with 
depth and is dependent on particle size(138). The value of λ, as shown in Equation 2-49, can 
be expressed as a function of λ0 and F(α, σ), which is a function of α (the parameter vector 
characteristic of filtration) and σ (Tien, 2007). The filter coefficient λ can be described as 
0 ( , )F a                                                                     (2-50) 
The accuracy of the macroscopic approach depends on the validity of the expressions for the 
function F(α, σ), which are determined from experimental data. The uncertainties of the 
model will increase when improper expressions of F(α, σ) are employed. None of the 
expressions are predictive in nature; this is partially because the parameters used in 
macroscopic models do not account for filter media characteristics. Variations in water 
quality and operational parameters are also ignored in these approaches. Different factors that 
may govern the particle deposition process (e.g., diffusion, hydrodynamic interactions) are 
also absent in macroscopic modeling approaches. Macroscopic models have to be solved 
numerically and associated filter coefficients are site specific; accordingly, such models are 
not widely utilized(1, 135, 139).   
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2.6.5 Regression models 
In filtration modeling, the key goal is to determine the filter coefficient λ, defined in Equation 
2-51. It can be described by the single collector efficiency (𝜂) based on mass conservation in 
a controlled volume as described by 
      (2-51) 
where is the attachment efficiency and is the overall deposition efficiency, 
Different than the macroscopic models that are pure fitting without predictive capacity, 
regression based models have been widely developed. The physico-chemical parameters used 
in the models represent different mechanisms such as diffusion, convection, sedimentation 
and hydrodynamics. Assuming individual contributions from each mechanism can be added 
together to estimate particle deposition rates, regression models are able to best fit the 
numerical solutions from convection-diffusion equation or trajectory analysis, avoiding 
laborious mathematical calculation.  
Firstly proposed by Yao and O'Melia (1971)(34), analytical solutions for diffusion, 
interception and gravity are utilized to represent the overall deposition efficiency for a single 
collector. The single collector efficiency can be approximated as  
   (2-52) 
where is transport by diffusion, is transport by interception, and is transport by 
sedimentation due to gravity. These transport/deposition mechanisms are represented by 
power functions of multiple dimensionless parameters that consist of physico-chemical 
filtration parameters. The exact numerical forms for each individual term are obtained by 
performing a multiple linear regression analysis between relevant dimensionless parameters 
over a wide range of parameter values. Table 2-7 summarizes several existing filtration 
models.    
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Table 2-7. Existing models for single collector efficiency after Yao’s work 1971   
Models Formulations Notes Ref 
Yao and 
O'Melia,1971 
1/3 2/3 234
2
s Pe R GA N N N
    
 Eulerian based model using Happel’s cell geometry 
 The Happel’ correction factor As for the porosity is included 
 Valid for favorable condition 
 VDW,EDL and hydrodynamic interaction were not included   
(34, 
140) 
Rajapopalan and 
Tien, 1976 
1/8 15/8 1.2 0.4
1/3 2/3
0.72 0.0024
4
s Lo R s G R
s Pe
A N N A N N
A N
 

 

 
 Lagrangian based model using Happel’s sphere geometry 
 Lubrication effect due to the resistance of an incompressible 
fluid and VDW force is accounted 
 Valid when 0.18RN  and 0LoN   
 Contain a hidden variable which assume the porosity is 0.39 
of the packed bed 
(47) 
Rajapopalan and 
Tien, 1982 
1/3 2/3 1/8 15/8
1.2 0.
2
4
4
0.00338 )
( s Pe s Lo R
s G R
A N A N N
A N N
  




 
 Developed in Happel’s sphere geometry  
 Correct the hidden variable in their former work 
 Correction factor 
2 was introduced to reflect the concept of 
single collector efficiency 
(141) 
Cushing, 1998 
0
0.012 0.023 1.8 0.380.029 0.48L R G RN N N N
    Lagrangian based model using Array of sphere geometry 
 VDW, EDL, Hydrodynamic and drag forces were considered  
 Inertia and Brownian motion was neglected 
 Presented as dimensionless groups in the format of power 
functions 
(55) 
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Table 2-7(Continued). Existing models for single collector efficiency after Yao’s work 1971   
Tufenkji and 
Elimelech,2004 
0.081 0.715 0.052
0
1.675 0.125 0.24 1.11 0. 5
3
0
1/
3
2.4
0.55 0.22
s R Pe vDw
s R A R G vdW
A N N N
A N N N N N
  

 

 
 Eulerian based model using Happel’s cell geometry 
 VDW, gravity and hydrodynamic Brownian motion were 
considered in the model  
  EDL, Drag force and shear lift force were not included 
 Presented as dimensionless groups in power functions format 
(131) 
Long and Hilpert, 
2009 
0.65 0.023 0.19 0.03
3
0 2
1.675 0.125 0.24 1.11 0.053
(1 )
(15.
0.55 0.22
56 0.21)
s R A R G vdW
Pe R
A N N N N N
N N




    


 
 
 Eulerian based model using random packing geometry for 
diffusion 
 Happel’s sphere geometry for interception and sedimentation  
 Superposition of numerical solution for diffusion (no 
hydrodynamic retardation) 
 Using TE model for the interception and sedimentation 
(142) 
Ma and Johnson, 
2009 
1/3 0.08 0.65 0.052
2
1.8 0.15 0.1 1.1 0.053 0.053
2.3
0.55 0.2
es R P A
s A R G A Pe
A N N N
A N N N N N
 
 

 
  
  
 
 Lagrangian based model using Hemisphere-in-cell geometry 
to account the effect of grain to grain contact  
 VDW, EDL, Shear lift, hydrodynamic, drag forces and 
Brownian motion were introduced 
 Have the potential to be used in the presence of energy 
barrier for un-favorable condition 
(143) 
Nelson and Ginn, 
2011, 
1/3 0.75 0.68 0.015 0.8
1/8 15/8
2
0.05
2.4 ( )
16
0.7( )
0.9
Pe
s Pe Lo G
Pe
G
s Lo R G
G
R
N
A N N N
N
N
A N
N
NN N
 

   
 
 




 
 Lagrangian based model using Happel’s sphere geometry 
 Attachment efficiency was always smaller than 1.0 by 
introducing a correction factor to serve as a governor for 
diffusion and sedimentation  
(61) 
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Table 2-7(Continued). Existing models for single collector efficiency after Yao’s work 1971   
Chang et al, 2012 1/8 15/8 1/3 2/2/3 2/3
0
4.5
3
1.591 0.312 0.3131 2
4
1.86
(1 ) (1 )
(6 1 )
s Lo R s Pe
s Diff PeN
A N N A N
A N
  


 
 

 

 
 Lagrangian based model using sinusoidal constricted tube 
geometric structure 
 Diffusiophoretic velocity (diffusiophoresis) was included 
using Brownian dynamics simulation method 
 Valid for submicron particle at high ionic strength 
 include equation for attachment efficiency 
(144, 
145) 
Rodrigues and 
Dickson,2013 
 
0.072 0.065 0.09
r Q IS Pef N N N
     A Phenomenological model in single saturated fractures 
 Effect of gravity, staining, ionic strength and geographic 
feature of fractures were included 
 VDW, hydrodynamic and interception were not included. 
(146) 
 
Note: The dimensionless variables used in these regression models are presented in Table 2-8. 
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Table 2-8. Dimensionless parameters used in regression models for filtration 
parameters Forms Physical interpretation 
  Size aspect ratio 
  Ratio of convection over diffusion 
  Ratio of VDW force over thermal energy 
  
Ratio of gravity effect over thermal energy 
 
 
Ratio of combined influence of VDW forces and 
fluid velocity on particle deposition rate due to interception 
 
 
Ratio of stokes particle setting velocity over approaching velocity   
LoN  
2/ 9 PA a U
 
Dimensionless VDE force number 
DLN  a  
Electric double-layer force parameter 
diffN  /pdiff fv d De  
Diffusiophoresis number 
  
Among the regression models, Rajapopalan and Tien’s (RT)(132) and Tufenkji and 
Elimelech’s (TE)(131) models, which represent Lagrangian and Eulerian approaches 
respectively, represent two key milestones.   
The RT and TE model are valid for clean beds, so that particle-particle interactions and 
blocking and straining effects are not relevant. The models utilize simplified geometry to 
represent flow conditions, without considering the interactions between different collectors. 
Numerical solutions are for favorable conditions for particle deposition, in absence of an 
energy barrier. Mechanisms for particle deposition processes are represented by power 
functions of multiple dimensionless parameters and contributions of these mechanisms are 
addictive.  
Compared to TE model, the RT model overestimates the single collector efficiency for 
particles with sizes in the Brownian regime (<1µm). When colloidal particle size is 1-2 µm, η 
calculated by the RT equation is 50% greater than the numerical solution (131). The primary 
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drawback of the RT model is that it does not physically account for the effect of 
hydrodynamics on particle deposition (3, 61, 143). The TE model does not directly introduce 
the effects of double layer forces on particles (65). The impacts of particle rotation and 
hydrodynamic retardation are only partly accounted for in the TE equation(147)..  
Although existing regression models have been used extensively to describe idealized 
filtration processes, the limitations of these models still restrict their application to practice. 
These include: 
a) Well established filtration models such as the Yao et al. (1971)(34), RT, and TE 
models are only valid for clean beds and do not accurately describe colloid deposition 
at unfavorable conditions for deposition. 
b) Oversimplified geometric models of media have been used. The complexities of pore 
geometries and granular media properties are not quantitatively defined and evaluated. 
Physical mechanisms that may affect colloid deposition such as collector surface 
roughness are not incorporated(87). 
c) The chemical heterogeneity of collector surfaces and non-uniformity of colloid and 
collector surface potentials are not taken into consideration in established filtration 
models (148)
,
(148). 
d) Expressed as an empirical correlation function that contains a number of 
dimensionless terms (149), existing regression models are in a phenomenological 
form to predict of colloid transport behavior.  
 
2.7 Influencing factors 
It has been recognized that in addition to the forces and interactions introduced in the 
previous sections, mechanisms including surface roughness, chemical heterogeneity, physical 
trapping (straining and wedging) and secondary energy minimum may also significantly 
impact particle deposition behavior. This section will discuss the contribution of these factors 
to particle deposition.  
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2.7.1 Chemical heterogeneity 
Chemical heterogeneity is defined as the microscopic non-uniformity of charge distribution 
(discrete charge effect) on colloids and collector surfaces (136, 150-152). Many 
investigations have demonstrated that chemical heterogeneity can significantly change 
DLVO interaction energy, thereby affecting particle deposition on surfaces(97, 147, 151, 
153, 154). In several studies, colloidal particles were found to deposit on charged surfaces at 
unfavorable conditions for deposition, even when large energy barriers are present; 
moreover, the associated observed particle deposition rates were much higher than estimated 
by classic DLVO theory using average collector surface potentials
 
(112,137,151,155-158). 
Chemical heterogeneity is believed to be one of the major factors causing such preferential 
deposition of particles on energetically favorable sites(33).  
Although the importance of chemical heterogeneity of surfaces is recognized, it is not well 
represented by common parameters such as average chemical potential or distribution index. 
Song et al. (1994) and Adamczyk (1989) used Gaussian probability distributions have been 
used to describe patch-wise chemical heterogeneity(104, 159). They found that a small patch 
of heterogeneously charged surface could increase particle deposition by at least two orders 
of magnitude compared to deposition on homogenous surfaces. Elsewhere, it has been 
reported that low levels of chemical heterogeneity on collector surfaces substantially 
enhanced particle deposition at unfavorable conditions for deposition , while no significant 
changes in deposition were associated with low levels of chemical heterogeneity on collector 
surfaces at favorable conditions(89, 104, 136, 160, 161).   
2.7.2 Straining, wedging and secondary minimum 
 Physical mechanisms such as secondary energy minima (111, 112, 151, 162), straining (24, 
49, 63, 163-165) and wedging in grain-to-grain contact (166, 167) have also been utilized to 
help explain particle deposition phenomena. At unfavorable conditions for deposition, and 
with the presence of an energy barrier, the secondary energy minimum has been utilized to 
explain particle deposition phenomenon as a reversible process during which attached 
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particles were released to the bulk suspension as ionic strength decreased and re-attached to 
surfaces while ionic strength increased(111, 112, 162).  
Such observations cannot be explained by the framework of classic DLVO theory, according 
to which attached particles are believed to be trapped and immobilized in the primary energy 
minimum due to short range forces. In contrast, particles trapped within the secondary energy 
minimum are further away from collector surfaces where the balance between attractive and 
repulsive forces exerted on them is affected by changes in ionic strength(151, 168). When 
ionic strength decreases, the repulsive (EDL) force becomes stronger than the attractive 
(VDW) force, thereby releasing particles from the secondary energy minimum. In contrast, 
when ionic strength increases, the energy barrier decreases and the attractive force enables 
particle attachment on surfaces. Straining is the entrapment of colloids in down-gradient pore 
throats that are too small to allow particle to pass through in the presence of an energy barrier. 
Straining is considered as applicable when the dparticle /d50 is greater than 0.005 (169, 170). 
The process of wedging in grain-to-grain contact is caused by confinement between two 
bounding surfaces in the presence of an energy barrier (113, 167). Colloids can also be 
wedged within grain-to-grain contacts and then removed in flow stagnation zones. The 
difference between straining and wedging is that in straining, the size of the pore throats is 
smaller than that of the colloids, whereas in wedging they are larger.   
2.8 Surface roughness 
Collector surface roughness has been regarded as a key factor that affects particle deposition 
on surfaces and contributes to discrepancies between experimental observations and 
theoretical predictions of particle deposition. Numerous studies have been conducted to 
investigate the impact of roughness on particle deposition phenomenon within the framework 
of classic DLVO theory and have emphasized changes in interaction energy and other 
surface chemistry-related interactions(51, 69, 171-179). In contrast, physical interactions 
such as changes in flow fields, the hydrodynamic retardation, and shear lift have not been 
quantitatively integrated into this framework.  
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2.8.1 Description of surface roughness 
Surface roughness can generally be described as the three- dimensional irregular topography 
of surfaces. At present, there is no standard approach for quantitatively describing surface 
roughness on granular filtration media or other surfaces, though several methods have been 
reported. “Hypothetical surface morphologies” utilize simple geometries such as spheres, 
hemi-spheres, cylindrical column or waves with periodic frequency to represent real 
roughness properties(25, 103, 173, 180).  These approaches simplify surface topography so 
that it can be more readily implemented in quantitative models. The use of simplified surface 
morphologies is only relevant in some situations, however, because roughness size and 
spatial distribution on the surface may be somewhat random or more complex than can be 
described by simplified structures with periodic frequency.  
Statistical parameters such as the arithmetic mean (Ra) and root mean square (Rq) of absolute 
values of surface topographic features such as height can also be used to describe collector 
surface roughness(174, 181-183). These metrics provide a ‘bulk’ description of surfaces 
without detailed information on the spatial arrangements/distributions of roughness 
elements(175). These parameters are only general descriptors of surface roughness because 
the same Ra and Rq values can be calculated and obtained from completely different types 
and/or distributions of surface features.  
More recently, surface roughness has also been described using numerical metrics calculated 
by analysis of images obtained by atomic force microscopy (AFM) or scanning electron 
microscopy (SEM)(183). During these analyses, measurements are numerically converted to 
artificial surfaces via decomposition and integration using advanced mathematical 
approaches such as Fourier transformation(184, 185), Hilbert-Huang transform analysis(186) 
and fractal analysis(187-189). Although these types of surface roughness estimates are often 
believed to best represent real collector roughness features, these approaches are complicated 
and extremely computationally demanding. Accordingly, at present, no existing 
mathematical models that sufficiently describe surface roughness have been integrated into 
classic filtration modeling frameworks.  
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2.8.2 Impact of roughness on particle deposition  
It is widely believed that surface roughness can enhance colloidal particle deposition. Table 
2-9 summarized experimental studies observed in parallel plate chamber systems regarding 
the contribution of roughness on various materials with different roughness. Enhanced 
particle depositions due to the presence of surface roughness were observed within these 
conducted studies. In general, bigger scale and wider spread of roughness will result greater 
particle /microorganism deposition. Chemical related mechanisms were also found important 
to the deposition rate in parallel plate chamber system. However interpretations of the 
observed results using the classic DLVO theory were not successful. 
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Table 2-9. Impact of roughness on particle deposition in parallel plate chamber 
Study Selected particle Selected surface Major conclusions 
Tamai and Suzawa, 
1983(190) 
Polymethyl 
methacrylate 
latex 
Fabrics, 
polyacryloitrile, 
polyester and 
cotton 
 Deposition rate on Vonnel fabric are not influenced by the change of interaction 
energy 
 pH and ionic strength have impacts on deposition rate on Nylon fabric but cannot 
be fully explained by the change of interaction energy 
 Colloidal particles preferably attached along the rougher surface grooves than on 
the smooth surface 
Zan et al,2008(176) mouse MC3T3-
E1 osteoblasts 
Chitonsan-based 
microsphere 
 mouse MC3T3-E1 osteoblasts cells attached more on rough chitonsan-based surface 
compared to smooth 
Vanhaecke et al,1990(94) Pseudomonas 
aeruginosa 
Stainless steel 
plate 
 120-grit-treated (Roughest) surface in general had the highest deposition of  
P.aeruginosa 848/25 
 Chemical parameters such as ionic strength, pH, contact angle also had impacts on 
deposition rate 
Chen et al,2010(69) Fluorescent 
carboxylate-
modified 
polystyrene 
latex 
microshphere 
Bare and zeolite 
(ZSM-5) coated 
stainless steel 
and aluminum 
alloy 
 Surface roughness from micro/macro-scale had a pronounced impact on deposition  
 Greater roughness resulted in higher colloidal deposition, even when roughness is 2 
orders of magnitude smaller than colloids 
 Two exceptions were found that rough surface (ZSM-5 coated and unpolished 
aluminum surface) had less deposition than smoother surface 
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Table 2-9 (Continued). Impact of roughness on particle deposition in parallel plate chamber 
Natasa Mitik-Dineva et al, 
2009 (174) 
E. coli, P. 
aeruginosa, and 
S. aureus 
7105-PPA 
premium glass 
 Nano-scale roughness positively contributed to bacteria deposition  
 The rate of E.Coli , P.Aeruginosa and S.Aureus can be increased 82%, 119% and 
35% respectively 
 Hydrophobicity (alternatively Contact angle) also influenced the trend of deposition 
Darbha et al, 2012 (191) Latex colloids Structured 
silicon surface 
 Rough surface constantly provide greater deposition for different sized particle 
under various operational conditions 
 Particle rolling, dragging and lifting had been utilized to interpret the deposition 
phenomena 
Darbha et al, 2012(192) Polystyrene 
latex colloids 
Granodiorite 
rock 
 Highest deposition was found at walls of inter-granular pores with highest 
roughness area (Ra=500-2000nm) 
 2 orders of lower deposition happened on smooth area (Ra<500 nm) 
 surface roughness enhanced particle deposition has been associated with smaller 
colloidal particle sizes 
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Enhanced particle deposition on rough surfaces is not limited to flat plate surfaces – it has 
also been reported for granular media filtration (i.e., packed bed) systems. In one study, 
smooth glass beads were coated with polypyrrole to create surface roughness, which resulted 
in a 180% increase in colloid deposition(193, 194).  Shellenberger and Logan (2002) 
reported increased removal of colloidal (latex microspheres, E. coli and Dechlorosoma sp 
KJ.) particles during clean bed filtration, specifically noting 30-40% increases in particle 
deposition on rough surfaces at low ionic strength (0.01 mM KCl solution) and 50% 
increases in deposition at high ionic strength (100 mM KCl)(183). Other studies utilizing 
sand with a variety of grain sizes and surface roughness have also consistently demonstrated 
greater retention/deposition of colloidal particles on rough media; in this case, both at 
saturated and unsaturated conditions(175). Improved colloidal particle removal attributable to 
rough collector surfaces has also been reported during pilot-scale drinking water treatment 
investigations focusing on granular media filtration. Scott and Emelko (2008) evaluated 
Cryptosporidium oocyst and oocyst-size microsphere (~4.5um diameter) removal at various 
operational conditions. They reported that, depending on the exact operational conditions 
(e.g., coagulation dose, loading rate, etc.), ceramic media engineered to have greater surface 
roughness than conventional anthracite media could achieve up to 1.25 log10 (~95%) higher 
colloidal microsphere removal/deposition and 0.31 log10 (~51%) higher oocyst removal(27). 
While several studies have reported comparative increases in particle deposition and 
attributed them to collector surface roughness, the presence of surface roughness does not 
ensure higher colloid deposition relative to that achieved on otherwise comparable smooth 
surfaces. For example, while Morales and Tammo (2009) reported that surface roughness 
could increase particle removal by 20% when relatively small media (effective size of 0.3-0.4 
mm) were used, no differences in particle deposition on smooth and rough 0.8-1.2 mm media 
were observed(175).  Not only has a lack of differences in colloid deposition between 
otherwise similar rough and smooth media been reported occasionally(183); in some cases, 
less particle deposition has been reported on rough surfaces relative to otherwise similar 
smooth surfaces(69). For example, one investigation of the effects of nano-scale roughness 
on the deposition of bacteria on glass plates demonstrated 218% and 134% higher deposition 
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of E. coli and P. aeruginosa respectively on smooth plate surfaces relative to rough 
ones(174). Based on the experimental observation of above mentioned experiment, it seems 
like roughness could also negatively contribute to particle deposition which is contradictory 
to others observations in parallel plate chamber or packed column mentioned before.  
Due to the complexities among different experiments, impacts of surface roughness on 
particle deposition still have not been quantitatively identified. Several reasons would 
contribute to explain this issue. One of reasons is that there is no quantitative distinguishment 
of the difference between microscale and macroscale roughness which could contribute to 
particle deposition differently. Measured statistical parameters, such as Ra, Rq and Rw are able 
to provide ‘bulk descriptions’ of roughness feature without classification. Surface with 
completely different roughness feature might result in same values of measured statistical 
roughness parameters. As a result, comparison between different experimental results could 
be difficult. Experiments with well controlled roughness feature in parallel plate chamber or 
packed beads column were rarely reported in the literature.  
It is also changeling to decouple the roughness contribution from other chemical mechanisms 
which can also impact particle deposition.  With different roughness features, 
hydrophobicity, chemical heterogeneity, pH, hydrodynamic behaviors and chemical 
potentials of selected deposition surface could be varied significantly. It is also changeling to 
distinguish the contributions from various physical related mechanisms from roughness 
including staining, wedging and grain to grain contact. Rigorous experimental studies which 
can identify the ‘purely roughness impacts’ and exclude confounding impacts from other 
chemical/physical-related mechanisms were still missing from reported literature. Overall, 
these above studies suggest that the impact of collector surface roughness on colloid 
deposition neither simple and nor monotonic; rather, it is likely non-linear and not monotonic 
and requires further elucidation.  
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2.8.3 Impact of roughness on DLVO interaction energy 
The influence of surface roughness on interaction energy between collector surfaces and 
approaching particles has been studied extensively. According to classic DLVO theory, more 
attractive force exists between the colloids and collector surface, higher deposition flux 
should be expected. When surface roughness is available even at the level of a few hundreds 
nanometers, the interaction energy can be reduced substantially and the surface becomes 
more favorable to particle attachment.   
Dabros et al (1977) derived the theoretical formula describing the VDW force between rough 
spheres and smooth collector surfaces(195). A radial mass distribution of surface 
irregularities was used in their model. Notably, the calculated VDW interaction energy 
decreases when surface roughness increases(195).  Elimelech and O'Melia (1990) used the 
pairwise summation method to calculate the interaction energy between negatively charged 
particles and collector surfaces and estimated the height of the energy barrier at 212kT and 
23kT for smooth and rough (20nm roughness represented by spheres) surfaces respectively; 
relative to the smooth surface, higher particle deposition on the rough surface at unfavorable 
conditions for deposition (i.e., low ionic strength) was attributed to this decrease in 
interaction energy barrier(171). Similar conclusions have been reported by others who have 
utilized surface element integration (SEI) methods to calculate the interaction energy 
between approaching particles and collector surfaces with nano-scale roughness using SEI 
methods(80, 90, 173, 196). Recently, Henry et al. (2011) used the pairwise summation 
method to estimate the interaction energy between nano- and macro-sized particles and 
parallel plate collector surfaces with nano-scale roughness(172, 180). They found that there 
was a critical roughness size that could reduce the energy barrier to a minimum value when 
the particle and collector were both negatively charged. The value of the critical roughness 
size depended on the particle size, roughness coverage and distribution on the surface.  
Although achieved reasonable progress, several theoretical changelings and experimental 
limitations still constrain the effectiveness of current interpretations using DLVO theory. In 
most filtration studies, chemical potentials of colloidal particle and collector surface were 
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experimentally measured using Debye-Hückel approximation which requires the determined 
chemical potentials should not exceed ±25.2 mV. However, in realistic practice especially at 
unfavorable conditions, the measured chemical potentials were mostly higher than 25 mV 
and therefore introduce bias into the determined data and overestimated the degree of energy 
barrier.  
The classic DLVO theory only evaluate the impact of long range forces including VDW and 
EDL forces without the consideration of short range forces, chemical absorption and 
chemical hydrophobicity. Perfect sink boundary condition has been widely utilized into the 
explanation of attachment which assumes the particle will attach to the surface as long as it 
approaching to the primary energy minimum and simultaneously removed from the system. 
The cumulative impacts from attached particles as well as the detachment process were still 
not included into the DLVO theory. These assumptions are only valid within restrict 
conditions but not widely applicable with in practice, especially in water filtration. Fitting 
parameter, attachment efficiency (α) has to be introduced to explain the difference between 
theoretical interpretation and experimental results.  
Current classic DLVO theory often fails to interpret the observed results when roughness is 
available. The changes on interaction energy can qualitatively describe the trend of 
deposition rate but not quantitatively. Explanations in the presence of large energy barrier 
and also the decreased deposition due to roughness presence is still changeling and further 
studies on DLVO theory, especially the chemical potentials changes due to roughness on 
colloids and target surface is highly needed. 
2.8.4 Impact of roughness on flow field 
Inclusion of surface roughness in quantitative models of colloid deposition (e.g., Eulerian 
approaches to solving the Convection-Diffusion Equation) necessitates modifications to the 
boundary conditions used to calculate the flow field. When target surfaces are assumed to be 
smooth, the no-slip boundary condition can be used to determine flow velocity. In contrast, 
for rough surfaces, a slip or partial-slip boundary condition must be used for accurate flow 
field calculation(197, 198). In these cases, the appropriate extent of the slip condition 
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depends on the height and total coverage of roughness elements, as well as surface 
hydrophobicity and chemical heterogeneity(199, 200). These modified boundary condition 
can be numerically described using two approaches: changing the no-slip boundary condition 
to slip (or partial slip), or shifting the original no-slip boundary from the top plane of surface 
roughness elements to an artificial plane (i.e., an effective target surface) located between the 
top and bottom of the roughness elements(201-203).The dimensionless distance  between the 
artificial plane and the real surface normalized by the radius of the approaching particle is 
called “dimensionless slip length”. When >50% of a surface is rough, the “effective target 
surface” can be considered as the plane at the bottom of the roughness elements and the 
velocity component of flow can be scaled down by dimensionless slip length as shown in 
Equations 2-53 and 2-54 
'( ) ( )slipV r V r r        (2-53) 
slip Roughness particler r r      (2-54) 
in which 
'( )V r is the modified radial velocity component of flow and slipr is the 
dimensionless slip-length(198, 201). When the Roughnessr is equal to zero (i.e., no roughness on 
the collector surface) the velocity component is equal to that when the surface is smooth. 
2.8.5 Impact of roughness on hydrodynamic retardation functions 
In the vicinity of a surface, the velocity field and the force exerted on an approaching particle 
should be modified to account for the hydrodynamic disturbances/retardation introduced by 
the surface/wall (i.e., wall effects). Hydrodynamic correction functions have been developed 
to describe wall effects and include necessary modifications to the velocity component of the 
flow field and the forces exerted on an approaching particle when both the particle and target 
surface are smooth and hydrophilic(53, 125-128). Surface roughness changes the 
hydrodynamic behavior of particles, however(204). First reported by Vinogradova et al. 
(1999) (197, 199, 200, 205), for a given distance from the target surface, the hydrodynamic 
retardation functions between an approaching particle and a rough surface are lower than 
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those between  the same kind of particle and a smooth surface. Specifically, although the 
shape and behavior of the hydrodynamic retardation function over dimensionless distance 
were the same for these two scenarios, the curve shifted along the vertical dimensionless 
distance from the wall. The modified hydrodynamic retardation functions that account for 
these surface roughness-associated shifts can be represented by either of two mathematical 
approaches. One method is to apply the slip boundary conditions to derive a new retardation 
function that includes a correction factor, f* such that  
     
(2-55) 
   
(2-56) 
in which 
slipF is the modified hydrodynamic force using the slip boundary condition, no slipF  is 
the hydrodynamic force using the no- slip boundary condition, R is the particle radius, h is 
the separation distance between the approaching particle and the surface and *f is the 
correction factor(202). 
Another approach for describing the modified hydrodynamic retardation functions by 
defining an effective target surface, as discussed above. Here, the rough surface is treated as 
a hydrodynamically equivalent smooth plane (i.e., a no-slip wall) located between the top and 
bottom of the surface roughness elements such that 
     
(2-57) 
     
(2-58) 
in which represents the modified hydrodynamic force, is the dimensionless slip 
length obtained by normalizing the roughness size ( ) by particle radius ( )(199, 200, 
206). This modification is valid when roughness is smaller than the particle diameter(199, 
9
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206). As discussed above, when surface roughness is >50%, the effective target surface can 
be regarded as located on the bottom of roughness element so that 
'( ) ( ) ( )i i new i new slipf H f H f H r       ( 2-59 ) 
/slip roughness pr r a     ( 2-60) 
where H is the dimensionless distance and 
roughnessr  is the absolute roughness size, pa is 
particle radius, 
slipr is the dimensionless slip length due to the presence of roughness, ( )if H is 
the original hydrodynamic retardation functions and i newf  is the modified hydrodynamic 
retardation functions accounting the presence of surface roughness. For rough surfaces, the 
maximum hydrodynamic retardation effect is at h = rslip. As necessary, the modified 
hydrodynamic correction function is the same as the function for smooth surfaces if = 
0. 
2.8.6 Impact of roughness on Shear lift force 
Surface roughness can change the magnitude of shear lift force(114, 115). When a particle is 
approaching to a target surface, the particle experiences a lift force perpendicular to the 
direction of oncoming flow; that force essentially “pushes” the particle away from the wall. 
The magnitude of this lift force depends on the relative transition velocity between the 
particle and the streamlines in the viscous flow. When a particle is resting on the surface, a 
shear lift force always exists, tending to drive the particle away from the wall; surface 
roughness can affect the magnitude that force(123). For example, during low Re experiments, 
the shear lift force was found to increase 3.6 times relative to that on a smooth surface when 
spheres were assembled to generate surface roughness on flat bottom surface (124, 207).  
2.9 Summary 
It is commonly recognized that collector surface roughness can impact particle deposition. 
To date, the effects of surface roughness on particle deposition have been predominantly 
described within the framework of classic DLVO theory with an emphasis on changes in 
roughnessr
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interaction energy and other surface chemistry-related interactions. Physical interactions such 
as changes in flow fields, hydrodynamic retardation, and shear lift must also be considered, 
however. Chemical heterogeneity, straining, wedging, the existence of a secondary energy 
minimum, and surface roughness have all been utilized to explain differences between 
observed and predicted/modeled particle deposition on surfaces; of these, surface roughness 
remains a clearly critical factor requiring further study and integration into models of particle 
deposition on surfaces.   
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Chapter 3 
Non-linear, non-monotonic impact of surface roughness on 
colloidal particle deposition during granular media filtration at 
favorable conditions 
3.1 Overview 
Surface roughness can impact colloidal particle deposition on surfaces such as porous media. 
In this study, it was hypothesized that the relationship between particle deposition and media 
surface roughness is non-linear, non-monotonic. Column tests were conducted using two 
sizes of colloidal particles (1.0 and 4.5 μm diameter polystyrene microspheres), two sizes of 
glass beads (0.707 to 0.841 mm and 0.5 to 0.595 mm diameter) and three different levels of 
surface roughness. All of the experiments were conducted at a loading rate of 1.5 m/h and 
favorable conditions for deposition (i.e., microspheres were suspended in 100 mM KCl). The 
normalized effluent concentration (C/C0) was used to evaluate the difference between various 
operational conditions whereas spatial distribution of attached particles and total mass 
recovery in the packed column were utilized to verify the experimental observations. The 
experiments demonstrated that surface roughness can not only enhance particle deposition, 
but also decrease it. Classic colloid filtration theory (CFT), chemical heterogeneity, and 
hydrophobicity fail to explain this non-linear, non-monotonic impact of surface roughness on 
particle deposition; particularly decreased deposition resulting from increased surface 
roughness. Consideration of the fluid flow field, shear lift force and particle rolling can assist 
in explaining the experimental observations reported herein. Overall, this work demonstrates 
a minimum particle deposition efficiency that is unique to each combination of sizes of 
colloidal particle, collector, and collector roughness.  
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3.2 Introduction 
A thorough understanding of the physical and chemical mechanisms of particle removal by 
granular media filtration is required for better evaluation and optimization of particle and 
microorganism removal by filtration in engineered and natural (e.g., subsurface) systems (1-
5).  In the past few decades, numerous experimental and theoretical studies have been 
conducted to investigate the effects of multiple factors affecting particle deposition. These 
include: the properties of particles and filtration media (6, 7), physico-chemical (or 
biological) interactions between particles and media (8, 9), and system operational conditions 
(10, 11). Among these, the morphology of media surfaces (i.e. roughness) is a particularly 
important factor (12-14) that remains unaddressed in CFT (15-17). 
It is widely believed that media surface roughness can enhance colloidal particle deposition 
on surfaces; numerous examples of this effect exist in the literature. Tamai (1983) (18) 
examined the deposition behavior of polystyrene latex particles on polyamide and 
polyacrylonitrile fibers and found that the colloidal particles preferably attached along 
surface grooves with roughness rather than on open smooth planes. Bai and Zhang (2000; 
2001) (19, 20) coated glass beads with polypyrrole and observed that particle deposition on 
the relatively rough, coated surfaces was considerably higher than on the uncoated, smooth 
beads. Similarly, Shellenberger and Logan (2002) (21) investigated the deposition of latex 
microspheres and two strains of bacteria (E. coli and Dechlorosoma sp KJ.) suspended in a 
high ionic strength solution and observed 50% higher deposition on rough glass beads as 
compared to smooth ones; several other similar examples exist (22, 23). 
In contrast, several studies have also reported that surface roughness did not enhance particle 
or bacterial deposition in packed columns or on flat plate surfaces. For example, Morales et 
al. (2009) (24) reported that surface roughness resulted in a 20% increase in particle removal 
by small media with an effective size of 0.3-0.4 mm, but not by media with 0.8-1.2 mm 
effective size. Similarly, Shellenberger and Logan (2002) (21) did not observe any 
differences in particle removal when high ionic strength suspensions of latex microspheres 
were passed through rough and smooth media. Moreover, Chen et al (2010) investigated 
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nano-scale roughness on stainless steel/aluminum plates and reported less particle deposition 
on rough surfaces relative to smooth ones. Several other studies have reported similar 
outcomes (12, 13, 25). 
Within the framework of CFT, it has been suggested that particle deposition is governed by 
DLVO forces, which are the sum of Lifshtz-van der Waals attraction forces and electrostatic 
double layer repulsive forces (26). It is believed that only a few nanometers of surface 
roughness can reduce the magnitude of interaction energy substantially thereby enhancing 
particle deposition because of longer separation distances created by roughness features (27-
30). Surface charge heterogeneity, attachment within the secondary energy minimum, and 
hydration and hydrophobicity have also been used to explain contributions of surface 
roughness to particle deposition (31-34). Other factors that may also help to interpret 
contributions of surface roughness to particle deposition include straining (35, 36), grain to 
grain contact (37), the “shadow effect” (38) and others (39, 40). While all of these factors 
may be able to qualitatively explain surface roughness impacts on particle deposition in 
specific situations, none have been proven broadly applicable.  
In the present study, a non-linear, non-monotonic relationship between surface roughness and 
colloidal particle deposition on surfaces was hypothesized. Column tests were conducted 
using two colloidal particles (1.0 and 4.5 μm diameter polystyrene carboxylated 
microspheres), two sizes of glass beads (Medium A: 0.707 to 0.841 mm and Medium B: 0.5 
to 0.595 mm) and three levels of surface roughness (Treatment 0 – smooth, Treatment 1 – 
moderately rough, and Treatment 2 – roughest). All of the experiments were conducted at a 
loading rate of 1.5 m/h, with the microspheres suspended in a background electrolyte 
solution of 100 mM KCl (i.e., favorable conditions for particle deposition).  
 92 
3.3 Materials and Methods 
3.3.1 Colloidal particles 
Two sizes of carboxylated, fluorescent-dyed polystyrene microspheres (Fluoresbrite YG 
microspheres, Polysciences Inc., Warrington, PA) microspheres were used: 1.0 μm and 4.5 
μm diameter. These sizes were verified by dynamic light scattering (Zetasizer NanoZS 
Malvern).  The stock suspensions of 1.0 μm and 4.5 μm microspheres contained 4.99 x 
10
10
 and 4.99 x 10
8
 microspheres/mL, respectively. The density of the microspheres was 
1.045g/mL.  
Prior to introducing the microspheres into the filtration column, the 1.0 μm and 4.5 μm 
microsphere stock suspensions were diluted to achieve influent concentrations (C0) of 5.7 x 
10
7
 and 1.0 x 10
6
 particles/mL, respectively, with pH of 6.5-6.7. The microspheres were 
suspended in 100 mM KCl, thereby creating favorable conditions for particle deposition. The 
colloid suspensions were sonicated in a water bath for 30 minutes before and during the 
experiment to prevent particle aggregation. This was confirmed using epifluorescence 
microscopy before and after the experiments.  
3.3.2 Granular porous media and surface modification 
Two sizes of spherical soda-lime glass beads (Class V, MO-SCI Corporation, Rolla, MO) 
were used as model collectors. The beads were size-fractioned with nylon sieves (U.S 
standard size of 20-25 and 30-35) and had diameters of 0.707 to 0.841 mm (Medium A) and 
0.5 to 0.595 mm (Medium B). Prior to modification, the glass beads had smooth surfaces 
(less than 2 nm of roughness). The glass beads were first soaked in 2% Extran
TM
 (VWR, 
Canada) for 30 minutes and then sonicated for 15 minutes to remove metal and organic 
impurities. The beads were extensively rinsed with deionized (DI) water and then soaked in 
12N HCl (Fisher Scientific, Canada) for 12 hours, after which they were washed with Milli-
Q
TM
 water and baked at 550˚C overnight. 
Hydrofluoric acid (BDH, Canada) was used to etch the glass surfaces (41) to achieve varying 
levels of surface roughness. The etching rate is related to HF acid concentration and reaction 
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time. Two different acid concentrations and etching durations were employed to generate 
roughness at two different scales. Micro-scale roughness was achieved by soaking the glass 
bead in 8% HF acid for 30 minutes (Treatment 1 – moderately rough), whereas macro-scale 
roughness was achieved by soaking in 36% HF acid for 12 hours (Treatment 2 - roughest). 
During the etching process, a magnetic bar was continuously used to maintain uniform 
etching conditions.  After etching, the modified glass beads were extensively rinsed with 
Milli-Q
TM
 water until the rinse water reached a pH of 6.72-6.92. The rinsed beads were then 
baked at 550 ˚C for 12 hours to remove any residuals or impurities.  
3.3.3 Characterization of media surface properties 
The surface topography of the etched glass beads was assessed using Scanning Electron 
Microscopy (SEM) (JEOL 6380LV) with 3-Dimensional fractographic analysis. The glass 
bead samples were coated with 10 nm of pure gold for electric conduction and mounted on a 
steel plate for measurement. In contrast to more commonly used SEM approaches, the 
sample images were collected from two different viewpoints located on the same plane with 
6º to 8º differences in angularity.  By knowing the parallax distance, the microscope 
magnification, and the tilting angle, the pair of SEM topographic images could be 
automatically merged by the stereophotogrammetry software to generate 3-D images of the 
glass beads, which provide a detailed view of the surface roughness on these curved surfaces 
(42). Mercury intrusion porosimetry (MIP) (Porous Materials, Inc.) was also used to evaluate 
the pore volume distribution and total surface area on the surface of the glass beads (43, 44). 
3.3.4 Electrokinetic Characterization of colloidal particles and collectors 
Microelectrophoresis (ZetaSizer Nano ZS, Malvern) was used to characterize the 
electrokinetic properties of the polystyrene microspheres in the background electrolyte 
solution (100mM KCl) used during column experiments. The electrophoretic mobility was 
measured in triplicate at 22 ±1˚C using particle suspensions of 1.0 x106 for 4.5 μm 
particles/mL and 2.3 x10
8
 for 1.0 μm particles/mL, respectively. Zeta-potentials were 
calculated from the measured electrophoretic motilities using Smoluchowski’s equation (45).  
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Cleaned glass beads were wet packed at a bed depth of 3 cm and rinsed extensively with DI 
water and then equilibrated with background electrolyte solution (100mM KCl). Measured at 
a fixed pH value (5.7-5.8), cleaned glass beads (7 g) were sonicated for 20 min in 12 mL of 
background electrolyte solution (100mM KCl). The supernatant from each sonicated sample 
was then diluted 10 times with the background electrolyte solution (100mM KCl). The 
electrophoretic mobility of the supernatant was then measured and used to calculate the 
chemical potentials on the glass bead surfaces using the Smoluchowski equation (46). 
3.3.5 Column experiments 
Bench scale column tests were conducted by pumping the colloidal particle suspensions 
through an adjustable-height glass chromatography column (GE health care, C16/20) with 
1.6 cm inner diameter. The glass beads were wet-packed to a height of 15.0±0.1 cm with 
vibration to maximize compaction and minimize air entrapment and formation of preferential 
pathways for fluid flow and associated particle transport. Using a standard gravimetric 
method, the porosities of the packed media were determined to be 0.38 and 0.37 for Medium 
A and B, respectively (47, 48). 
To ensure that the packed media were saturated with the background electrolyte solution 
(100mM KCl), 30 pore volumes of particle-free background electrolyte were pumped 
through the packed bed at a constant loading rate (1.5m/h)  prior to introducing microspheres 
to the column influent. Then, 6 pore volumes of the colloidal particle suspension were passed 
through the column. The seed suspension was continuously sonicated to prevent particle 
aggregation and maintain a constant influent concentration. All experiments were conducted 
in duplicate.  
Column effluent samples were collected every minute in 5 mL glass tubes using a fraction 
collector (Spectra/Chrom CF-1, Houston, USA). The microsphere concentrations in the 
effluent samples were determined by measuring UV absorbance (HP model 8453 UV-
spectrophotometer) at 280 nm and 220 nm for the 4.5 μm and 1.0 μm particles respectively 
(9). To ensure uniform microsphere suspensions, the column effluent samples were sonicated 
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for 3 minutes and then vortexed for 15 seconds prior to measuring absorbance. The particle 
concentrations were then calculated using a calibration curve (Appendix A).  
Destructive sampling was conducted after every experiment to determine the spatial 
distribution of microspheres within the packed column and to perform a mass balance to 
evaluate any microsphere loss within the system. After each experiment, the packed media 
were removed from the column in seven discrete segments (six 2 cm segments and one 3 cm 
segment). Each segment was placed in a glass tube (20 ml) containing 10 mL of Milli-Q
TM
 
water and the mass of the medium was recorded. The glass tubes were sonicated for 15 
minutes and then vortexed for 30 seconds at 2000 rmp to release attached microspheres and 
obtain a homogeneous supernatant. A 1 mL sample of supernatant was collected from each 
tube and the microsphere concentration was enumerated using a previously described method 
(49).  Samples were diluted with background electrolyte solution as necessary. 
3.3.6 Determination of deposition coefficiency and attachment efficiency 
The transport and deposition of colloidal particles in porous media have been modeled by 
Eulerian (50) and Lagrangian (51) methods to predict particle attachment efficiency (α) 
during physico-chemical filtration.  Using normalized (C/C0) steady-state particle 
breakthrough curves, the deposition coefficient (kd) and the particle attachment efficiency (α) 
were calculated by: 
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where the ε is the porosity of the medium, dc is the collector diameter, 𝜂0 is the single 
collector contact efficiency, 𝜐 is the fluid velocity, and L is the bed depth (52).  
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3.4 Results 
3.4.1 Media surface roughness 
The surface roughness of the smooth and modified (etched) glass beads was evaluated using 
SEM and 3-D fractographic analysis. Media surface characteristics are summarized in Table 
3- 1 and representative images depicting modifications in surface roughness on Medium A 
and B are presented in Figure 3-1. These images demonstrate that both types of beads had the 
roughest surfaces after Treatment 2 (the longest period of etching). The surface asperities on 
the modified glass beads included both macro-and micro-scale roughness which indict 
relatively large and small morphology variations as compared to the approaching particles 
that covered the entire media surface. In contrast, Treatment 1 (the shorter etching period) 
created “moderate roughness” comprised of micro-scale roughness features with relatively 
few macro-scale asperities. Untreated, smooth glass beads did not have macro-scale 
asperities and only minimal micro-scale roughness (< 20-30 nanometers). The root mean 
square height (Rq) of unmodified smooth beads of Medium A and B was 11.5 ±7.6nm and 
8.3 ±3.9nm respectively. Treatment 1 (moderate roughness) resulted in surface roughness 
(Rq) of 185.9 ±37.8nm and 154.3 ±28.3nm on Medium A and B respectively. Treatment 2 
(roughest surface) resulted in surface roughness (Rq) of 579.6 ±76.5nm and 694.2 ±89.9 nm 
on Medium A and B, respectively. 
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 130X Magnification 3-Dimensional view  130X Magnification 3-Dimensional view 
Medium A-T0 
  
Medium B-T0 
  
Medium A-T1 
 
 
Medium B-T1 
  
Medium A-T2 
  
Medium B-T2 
  
Figure 3-1. Representative 2-D and 3-D SEM images of Medium A and Medium B (US standard, Mesh 20-25 and Mesh 30-35)  with no treatment - 
smooth (T0), Treatment 1 – moderate roughness (T1) and Treatment 2 – roughest (T2).  
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3.4.2 Media cumulative surface area and cumulative pore volume (CPV) 
Although SEM images provide quantitative information regarding media surface roughness, 
they cannot describe media characteristics relevant to packing in a filter column. Surface 
roughness modifications can also impact “bulk properties” associated with pack beds, such as 
total surface area and CPV. Mercury intrusion porosimetry results for the total surface area 
and CPV of the media used in the column experiments are presented in Table 3-1.  These 
results indicate that as roughness generated during the chemical etching process in the 
present investigation increased, CPV and total surface area also increased, regardless of 
media size. 
Cumulative pore volume (CPV) is the pore space on the media surface, and is sometimes 
referred to as media porosity. It should be distinguished from the more typical use of 
“porosity”, which refers to void spaces in the pack bed and is more dependent on the physical 
size of the media and packing method (i.e., bed porosity). Two filter columns packed in the 
same manner, but with media of differing roughness may have the same bed porosity but 
different CPV. In the present investigation, packed bed porosity was the same in all filter 
columns containing the same size of media, regardless of media roughness (Table 3-1). In 
contrast, the CPV of smooth Media A and B increased by 10.7% and 24.0% respectively 
after Treatment 1, and 39.3% and 39.6% respectively after Treatment 2 (Table 3-1). 
 
Table 3-1. Characterization of physical and chemical properties of glass beads 
Media type- 
Treatment 
Media size Roughness 
(Rq) 
Porosity Cumulative 
pore volume 
Total 
surface area 
Zeta potential 
 (μm) (nm) - (ml/g) (m2/g) (mV) 
Medium A-T0 710-840 11.5 ±7.6 0.38 0.0184 0.0016 -20.3 ±6.6 
Medium A-T1 185.9 ±37.8 0.38 0.0206 0.0019 -17.9±8.3 
Medium A-T2 579.6 ±76.5 0.38 0.0303 0.003 -19.6±7.3 
Medium B-T0 500-550 8.3 ±3.9 0.37 0.0329 0.0022 -23.9±5.3 
Medium B-T1 154.3 ±28.3 0.37 0.0433 0.0028 -19.4±7.8 
Medium B-T2 694.2 ±89.9 0.37 0.0547 0.0034 -21.2±6.3 
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3.4.3 Zeta potentials and DLVO interaction energy 
Accurate calculation of the DLVO interaction energy between the particles and media with 
unevenly distributed roughness is difficult because it requires very precise measurements of 
surface roughness; however, the range of the DLVO interaction energies can be estimated. 
The zeta potentials of the 1.0 μm and 4.5 μm microspheres suspended in 100 mM KCl 
background electrolyte solution were -20.3±6.6 and -17.5±8.9 mv respectively. The chemical 
potentials of the glass beads are listed in Table 3-1. Although surface roughness was 
relatively evenly distributed herein, the range of the DLVO interaction energies associated 
with the roughness still needed to be estimated. Here, the minimum of the range was 
calculated by assuming smooth media. The maximum of the range was calculated by 
assuming the roughness was 1) represented by the average root mean square roughness size 
(e.g., Rq = 0.5 μm) and 2) distributed uniformly on the media surface with 100% coverage. 
These estimated interaction energies suggest that the high ionic strength of the background 
electrolyte solution decreased the energy barriers between the microspheres and the glass 
bead media surfaces by electrostatic double layer compression; accordingly, the system 
conditions favored microsphere deposition on the media surfaces without the presence of 
large interaction energy barriers. 
3.4.4 Column experiments 
Representative microsphere breakthrough curves are presented in Figure 3-2. Effluent 
particle concentration (C; mean of initial concentration values) was normalized by the initial 
microsphere concentration (C0) in the feed suspension (C/C0) and plotted against the number 
of pore volumes of the suspension that had passed through the filter column. Error bars 
indicate one standard deviation. The average value of the effluent concentration measured 
between PV = 2.0 and 6.0 was used to calculate microsphere/particle deposition using 
Equations 3-2 and 3-3 (Appendix A).  
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Figure 3-2. Representative (a) normalized effluent 4.5 μm microsphere concentration curves for particle 
passage through Medium A (0.71 to 0.84 mm glass beads with porosity = 0.38) with no treatment 
(Treatment 0 - smooth) (■), Treatment 1 – moderately rough (•) and Treatment 2 – roughest (▲). 
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Figure 3-3. Representative spatial retained particle distributions (open symbol) for particle retention in 
Medium A (0.770 to 0.850 mm glass beads with porosity = 0.38) with no treatment (Treatment 0 - 
smooth) (□), Treatment 1 – moderately rough (∘) and Treatment 2 – roughest (∆). 
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Destructive sampling of the filter beds confirmed microsphere retention on the media 
surfaces and reasonable mass balance within the system, thereby validating the particle 
deposition outcomes from the breakthrough curves. Specifically, the normalized filter 
effluent microsphere concentrations during the column tests (Figure 3-3) and the fraction of 
microspheres retained on the media during the column tests (Figure 3-4) were added to 
obtain total mass recovery during the column tests. Mass recoveries of the 4.5 μm 
microspheres were consistently close to 100%; mean recovery (± standard deviation) was 
98.68 %± 4.6%. Mass recovery of the 1.0 μm ranged between 85 and 99%, with mean 
recovery (± standard deviation) of 89.7% ± 8.04%. The slightly lower recovery associated 
with 1.0 μm  microspheres was because the chemical bonding between the small particles 
and the media surfaces was stronger than that between the big particle and the media surface. 
The extensive washing procedure may not be able to remove all the small particles bonded to 
the media (11, 53).  
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Figure 3-4. Normalized filter effluent microsphere concentration, ratio of retained microspheres, and 
overall microsphere recovery during column tests conducted with 1.0 and 4.5 μm in 100 mM KCl passing 
through Medium A (0.710 to 0.850 mm glass beads with porosity = 0.38) and Medium B (0.5 to 0.595 mm 
glass beads with porosity = 0.37) at a loading rate of 1.5m/h 
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According to CFT, less particle deposition should occur on the larger diameter media than on 
the smaller media at the same operational conditions; this is due to fewer available 
attachment sites and interception (3). Consistent with CFT, particle deposition rate for 
Medium A (0.71 to 0.84 mm glass beads) was lower than for Medium B (0.5 to 0.595 mm 
glass beads) (Figure 3-5). CFT also suggests that, all other factors and being equal, the 
deposition/removal efficiency of 1.0 μm particles would be lower than that of 4.5 μm 
particles because particles near 1.0 μm in size would be near a minimum contact efficiency 
with collectors due to the relative cumulative contributions of diffusion, sedimentation and 
inertia (3, 52). The experimental results reported in Figure 3-5 are also consistent with this 
theory. Specifically, compared to deposition of 1.0 μm microspheres, the deposition of rate 
4.5 μm microspheres on the smooth media was 300% and 445% higher for medium A and B. 
The particle attachment efficiencies (α) calculated for the smooth beads (Treatment 0) during 
the present investigation ranged from 0.7 to 1.1 (Figure 3-6), and were close to the 
theoretically calculated attachment efficiency (α = 1.0) that would be expected according to 
CFT for the experimental conditions employed herein (i.e., particles suspended in a high 
ionic strength electrolyte favoring particle deposition because of absence of an energy 
barrier). The observed agreement between the experimental results obtained with smooth 
beads in the present study and theoretical expectation based on CFT highlights the 
applicability of CFT for such experimental conditions (4, 54). 
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Figure 3-5. Particle deposition rates kd (s
-1
) for 1.0 and 4.5 μm microspheres in Medium A (0.770 to 0.850 
mm glass beads with porosity = 0.38) with no treatment (Treatment 0 - smooth), Treatment 1 – 
moderately rough and Treatment 2 – roughest. 
 
In contrast, the impacts of media surface roughness on particle removal during filtration are 
underscored in Figure 3-2. Examination of the normalized concentration plateaus in Figure 3-
2 indicates 79% removal of 4.5 μm microspheres by the roughest medium (Treatment 2), 
67% removal by the smooth medium (Treatment 0), and 49% removal by the moderately 
rough medium (Treatment 1). The microsphere removal performance data in Figure 3-2 are 
supported by the microsphere recovery data presented in Figure 3-3, which were obtained 
from destructive sampling of the filter beds. These data demonstrate the greatest retention of 
4.5 μm microspheres by the most rough medium (Treatment 2), followed by the smooth 
medium, and the least retention of microspheres by the moderately rough medium 
(Treatment 1).         
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Figure 3-6. Particle attachment efficiency (α) for 1.0 and 4.5 μm microspheres in Medium A (0.770 to 
0.850 mm glass beads with porosity = 0.38) with no treatment (Treatment 0 - smooth), Treatment 1 – 
moderately rough and Treatment 2 – roughest. The single collector efficiency was determined using 
Equation 17(52).    
In most cases as shown in Figure 3-5, the highest rate of microsphere deposition occurred on 
the roughest medium (Treatment 2), followed by the smooth medium (Treatment 0), with the 
lowest rate of microsphere deposition occurring on the moderately rough medium (Treatment 
1). The only exception to this trend was the situation in which the 0.710 to 0.850 mm glass 
beads (Medium A) were removing 1.0 μm microspheres. In this case, microsphere removal 
by the smooth (Treatment 0) and moderately rough (Treatment 1) media was similar, while 
less microsphere deposition was observed on the roughest medium (Treatment 2). These 
results are supported by the destructive sampling of the filter beds, which indicated the same 
trends in microsphere retention (mass recovery) by the various media in the filter columns. 
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3.5 Discussion and Conclusions 
In the present investigation, CFT failed to explain particle attachment efficiency results from 
experiments in which rough media were utilized. As evident in Figure 3-6, α values 
calculated for modified glass beads with surface roughness (i.e., either Treatment 1 or 2) 
demonstrated substantial deviation in attachment efficiency (α) from unity (1.0) relative to 
the smooth glass beads (Treatment 0); thereby violating a key tenet of CFT, which is α = 1.0 
at favorable conditions for particle deposition.(3, 40, 55) Therefore, the data presented herein 
demonstrate that media roughness is an important factor that should be considered as CFT 
evolves and is further developed with the goal of being more practically relevant. Notably, 
the results in Figures 3-4 to 3-6 clearly demonstrate a non-linear, non-monotonic impact of 
surface roughness on colloidal particle deposition during filtration. These data further suggest 
that the same level of roughness may have different impacts on particle removal for different 
combinations of particle and collector sizes; accordingly, optimal levels of roughness may 
exist to maximize or minimize particle removal by filtration for different combinations of 
particle and collector sizes. Specifically, the results from the present study indicated that 
when the ratio of particle diameter (dp) to media/collector diameter (dc) was greater than 
0.0015, the roughest surface (Treatment 2) achieved the greatest level of microsphere 
deposition whereas the moderately rough surface (Treatment 1) achieved the lowest level of 
microsphere deposition. If the ratio was smaller than 0.0015, the roughest surface had the 
lowest level of microsphere deposition and the smooth surface had the highest. A dp/dc ratio 
of 0.0015 appeared to be critical in the present investigation, above and below which 
apparent trends in the impact of roughness on particle deposition during filtration reversed. 
Increases in particle deposition due to increased roughness on media surfaces (relative to 
smooth media) can be explained by lower interaction action energies that result in more 
attractive DLVO forces (27, 56, 57). The increased cumulative pore volume and total surface 
area associated with larger scale roughness such as Treatment 2 may also result in more pore 
space around collectors that may enhance the transport of particles to collector surfaces (58). 
At favorable conditions for particle deposition where the negative energy barrier is small or 
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absent, the entire media surface is more attractive to the colloids. Rough media with greater 
surface area will also provide more particle attachment sites on collector surfaces relative to 
smooth media (59, 60). Furthermore, it is also possible that surface roughness may increase 
the number of sites available for physical attachment, such as grain-to-grain contact and 
straining locations between each individual collector (24, 37).  
In the experiments reported herein, it was also observed that increasing relative media 
surface roughness (Treatment 1) could not only also result in increased particle deposition on 
surfaces, but also decreased particle deposition relative to smooth media (Treatment 0). Here, 
higher filter effluent particle concentrations, lower particle deposition rates, and lower 
attachment efficiencies were observed for the moderately rough medium (Treatment 1) 
relative to the smooth medium (Treatment 0). Correspondingly, less colloidal particle 
retention occurred within the packed column containing the moderately rough medium 
(Treatment 1). While CFT can be used to interpret increased particle deposition in the 
presence of roughness from the perspectives of lower interaction energy, deeper secondary 
energy minimum and additional “shadow effect,” it cannot explain decreased deposition 
caused by media surface roughness (38, 61).  
Chemical heterogeneity and hydrophobicity have been commonly used to explain differences 
between observed data and those that would be expected according CFT (57, 59, 62). Here, 
to test if chemical heterogeneity contributed to the relatively lower particle deposition that 
was observed with moderate roughness (Treatment 1), the glass beads were examined after 
destructive sampling using fluorescence microscopy (Appendix A). This examination 
demonstrated that the colloidal particles were uniformly attached on the media surfaces with 
moderate roughness (as well as all of the other surfaces, smooth and roughest), thereby 
excluding media surface chemical heterogeneity as a potential cause of the differences 
between the observed levels of colloid deposition on rough surfaces and those that would be 
expected according CFT. To investigate if the chemical etching changed the hydrophobicity 
of the media surfaces, additional column tests were conducted using smooth glass beads 
dipped in 1% HF acid for 30 seconds (Treatment 3). Due to the low HF concentration and 
short exposure time, the media surfaces after this treatment were regarded to have the same 
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hydrophobicity as after Treatments 1 and 2, but without roughness features. No significant 
differences between microsphere deposition on the medium with Treatment 3 and the smooth 
medium (Treatment 0) were found (Appendix A), thereby suggesting that media surface 
hydrophobicity also did not cause of the differences between the observed levels of colloid 
deposition on rough surfaces and those that would be expected according CFT. This result is 
not surprising given that the carboxylated microspheres used in this investigation are very 
hydrophilic; accordingly, hydrophobic interactions between the microspheres and media 
surface should be negligible (63). 
Mechanisms associated with flow velocity conditions (64, 65), the shear lift force (66-68), 
and particle rolling (69, 70) contribute to reduced particle deposition (relative to smooth 
surfaces) when a colloidal particle interacts with media surface roughness features; 
accordingly, these may help to explain the experimental outcomes observed herein. For 
example, it has been demonstrated that micro- and macro-scale roughness impact the 
magnitude and direction of flow velocity in the near-surface region (64, 71). Roughness also 
affects how the surrounding flow field should be described. Specifically, in the presenence of 
surface roughness, a slip boundary condition for the flow field should be applied on the 
bottom of surface, instead of non-slip condition that is applied for smooth surfaces. The slip 
boundary condition will lead to a higher velocity profile for the streamlines, which will 
prevent colloid attachment and result in lower attachment efficiency. The direction of flow 
component will also affect particle deposition. Yang et al. (1999) compared particle 
deposition trends in parallel plate and stagnation point flow chambers and found that the 
stagnation point flow chamber always resulted in a higher particle deposition rate (64). In 
contrast to particle transport in the parallel plate system, mass transport of the particles in the 
stagnation point chamber was always toward the surface. Surface roughness can alter particle 
velocities such that particles are driven either toward or away from target surfaces. As a 
result, in some cases, colloids possibly travel longer distances along collector surfaces, 
resulting in less mass transport to media surfaces. 
The shear lift force exerted on a particle moving along a straight channel in shear flow is 
considered as a force perpendicular to the surface (66, 67). In the direction tangent to the 
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curvature of the velocity profile, the shear lift force is able to cause particle migration away 
from the surface. The interfacial force between an approaching particle and a collector 
normally has been simplified to the interaction between a sphere and a flat wall by assuming 
that the collector is much larger than the particle (72). In reality, collector surfaces have 
curvature due to their spherical (or other) shape and the micro- and macro-scale curvature 
caused by surface roughness. This curvature will generate a shear lift force on the particle 
when it is close to the collector surface. In the current framework of CFT, the shear lift force 
has been ignored (52). When collector surfaces are rough, the overall shear lift force 
perpendicular to the surfaces could be greater than the shear lift force caused by the curved 
smooth surface alone. As a result of the net increase in shear lift force, particle deposition on 
rough surfaces could be less than on smooth surfaces.  
Particle rolling may also contribute to potential decreases in particle deposition on rougher 
surfaces relative to smoother ones (69). Caused by the coordinated formation and breakage of 
receptor-ligand bonds, rolling can be initiated even at very low flow rates and laminar flow 
conditions (e.g., Reynolds number <0.001) for selected colloidal particle in this study. In 
conjunction with the shear lift force and surface roughness, particle rolling can act to 
decrease particle deposition. Surface roughness can also increase flow velocity with more 
force components driving the particle away from the surface.  
All of these factors: surface roughness, flow velocity, shear lift and particle rolling can 
contribute to relatively less particle deposition on surfaces; none of them are currently 
considered in CFT, however. Particle deposition during granular media filtration is a process 
in which a dynamic equilibrium between the physico-chemical forces that favor and preclude 
particle attachment to collector surfaces should be reached (11, 73).  This work demonstrated 
a non-linear, non-monotonic impact of surface roughness on colloidal particle deposition 
during filtration. The results of this study underscore the need for further description of the 
forces and mechanisms that govern this non-linear, non-monotonic impact of media surface 
roughness on particle deposition and filtration performance. 
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Chapter 4 
Impact of nano-scale surface roughness on colloidal particle 
deposition. I. Experiments in a parallel plate system 
4.1 Overview 
An experimental (Part I) and numerical simulation (Part II) investigation of the impact of 
nano-scale roughness of contact surfaces on particle deposition at high ionic strength 
conditions favoring particle deposition was conducted. The experimental portion of this two-
part study is presented here. The impacts of different nano-scale quartz surface roughness 
sizes (10, 20, 50, 200 and 400 nm) on deposition kinetics of three sizes (0.55, 0.98 and 1.76 
μm) of polystyrene microspheres suspended in 100 mM KCl were examined. A non-linear, 
non-monotonic relationship between surface roughness and particle deposition flux was 
observed. A critical roughness size associated with a minimum deposition flux was 
identified. When the roughness size was less than the critical depth, particle deposition 
decreased with increased roughness size. When the roughness size was greater than the 
critical size, particle deposition increased with increased roughness size. Nano-scale 
roughness size had a significant impact on the deposition of (e.g. 0.55μm) particles, which 
was mainly dominated by diffusion. Deposition of larger (e.g. 1.76 μm) particles was 
predominantly governed by gravity, without a significant impact of nano-scale roughness.  
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4.2 Introduction 
The deposition of colloidal- and nano-scale particles on surfaces is critical to numerous 
natural and engineered environmental, health, and industrial applications. These include 
protection of public health by protecting drinking water supplies through understanding 
pathogen transport in the subsurface(1, 2) and in engineered drinking water filters(3-5), 
improved screening of ambient air quality through enhanced ion mobility measurement(5), 
control of chronic contamination of processed food supplies(6), improved medical screening 
and treatment by improved cell separation and detection(7, 8), improved health protection 
and assessment via understanding of nano-particle deposition in the respiratory system(9, 
10), assessing and improving pipeline inefficiencies due to particle 
formation/accumulation(11), improved semiconductor manufacturing by enhanced surface 
cleaning and particle removal(12, 13) to name a few. Despite the wide range of applications 
for which particle deposition on surfaces is replied upon, this process remains inadequately 
described both conceptually and mathematically, thereby precluding application of predictive 
models for improved application understanding or enhancement. This investigation focuses 
on definitively demonstrating a non-linear, non-monotonic effect of nano-scale surface 
roughness on particle deposition to ultimately contribute to enabling better quantitative 
description of particle deposition on surfaces. 
Particle deposition on surfaces can be generally considered as comprised of two steps: 
particle transport to and attachment on surfaces(14, 15). The deposition of colloids under the 
influence of external forces including Van der Waals forces (VDW), electrostatic double 
layer forces (EDL), gravity and hydrodynamic retardation forces etc. can be quantitatively 
described using Eulerian methods by solving the Convection-Diffusion Equation. Commonly 
utilized models for quantifying these solutions are based on the theoretical assumptions that 
1) colloidal particles and contact surfaces are smooth and chemically homogenous and 2) 
colloid attachment is predominately governed by chemical interactions between the particles 
and surfaces that are independent of the flow field(16-18). Unfortunately, existing models 
often fail to predict particle deposition in real systems, with predictions that are frequently 
off by several orders of magnitude(19-21, 21-23). The discrepancies are likely caused by the 
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assumptions made in the models. For instance, the assumption that colloidal particles and 
contact surfaces are smooth is not accurate in real systems which will certainly influence 
local flow field and particle deposition. Indeed, roughness on contact surfaces has been 
shown to affect particle deposition(24-26). Therefore, it must be considered in developing 
models for describing particle deposition. (15, 27-29). 
The effect of surface roughness on particle deposition is very complex because there exist 
several relative length scales between roughness, particle, and filtration media which also 
influence the local flow field and thus particle deposition mechanisms. Its complexity is also 
evidenced by the inconsistent and even contradictory experimental observations from 
numerous case studies Therefore, the associated mechanisms are still poorly understood and 
described(24, 26, 30-32). Surface roughness, with depths as small as a few hundred 
nanometers, can significantly enhance particle deposition in some cases(33-36). For example, 
Chen et al. (2010) coated stainless steel and aluminum alloys with zeolite to increase surface 
roughness and achieved up to 50% more colloid deposition in most cases(37). Darbha et al. 
(2010) also reported a positive correlation between calcite surface roughness and the number 
of attached colloidal particles;(25) they also found that surface roughness-enhanced particle 
deposition was  more significant for smaller particles (0.3 μm) as compared to larger (2 μm) 
ones(38). Zan et al. (2008) investigated opportunities for enhancing orthopadeic stainless 
steel affinity to host bone tissue and also found that more colloidal particles (here, mouse 
osteoblasts) attached on rough surfaces than on smooth ones(39).  
Contradictory results regarding the impact of surface roughness on particle deposition have 
also been reported, however. For example, Tang et al. (2009) investigated the adhesion and 
colonization of Staphylococcus epidermidis on silicon and reported that rougher surfaces did 
not promote bacterial adhesion and colonization when surface roughness size was below a 
certain threshold (i.e. 200 nm)(40).  Similarly, Chen et al. (2010) found that surface 
roughness resulted in increased particle deposition in most cases; however, two exceptions 
were noted in which the rough surface (zeolite coated stainless steel and an unpolished 
aluminum plate) had less particle deposition than a smooth surface comprised of the same 
material and exposed to the same operational conditions(37). Consistent with these studies, a 
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non-linear, non-monotonic impact of surface roughness on colloidal particle deposition (i.e., 
the potential for both decreased and increased deposition) was recently proposed by Jin and 
Emelko (2014) in packed bed filtration columns in which (1.0 μm and 4.5 μm ) glass beads 
were modified by hydrofluoric acid etching to yield different levels of micro-scale surface 
roughness(74). 
Existing models for particle deposition on surfaces cannot adequately describe particle 
deposition in the presence of surface roughness. It has been suggested that differences in 
particle deposition in the presence of surface roughness may be attributable to changes in 
DLVO interaction energy (26, 41), chemical heterogeneity on charged surfaces(42, 43), 
hydrophobicity between particles and subsurfaces(40), straining(23), or rolling (7, 44). 
Quantitative evaluations of these hypotheses are lacking, however.  
The present investigation focused on systematically evaluating the effect of surface 
roughness on colloidal particle deposition on surfaces using laboratory experiments(Part I) 
and mathematical modeling simulations(Part II). To achieve this goal, experimental data that 
were not confounded by other factors (e.g, media grain size and distribution, media 
composition, media shape, porosity, hydrophobicity, chemical heterogeneity, etc.) were 
required. Accordingly, a parallel plate chamber was designed because the flow field is well 
understood which allows accurate evaluation of its impact on particle deposition. 
Homogeneous roughness features at targeted depths on plate surfaces are carefully ensured 
through nano-fabrication techniques explained later. Particle deposition on these surfaces 
was monitored by microscopic technique and image analysis. This paper (Part I) focuses on 
interpretation and discussion of the experimental results; including a simple quantitative 
demonstration of the non-linear, non-monotonic impact of surface roughness on particle 
deposition. A key component of this work was to develop and conduct rigorous quality 
assurance experiments to exclude any impacts on enumerated particle deposition from 
potentially pre-attached particles on re-used slide surfaces or differences in initial particle 
concentration in the influent suspension entering the chamber. In an accompanying paper 
(Part II), a theoretical model that quantitatively describes colloidal particle deposition 
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behavior in the presence of micro-scale surface roughness was developed and verified  by 
comparing with experimental results (Part II). 
4.3 Materials and Methods 
4.3.1 Theoretical Approach 
Particle deposition on rough surfaces is a complex mass transfer phenomenon requiring 
integration of surface chemistry and fluid mechanics principles. The overall goal of this work 
was better understand roughness effects on particle deposition and their relevance to natural 
and engineered filtration processes, however, a tractable sub-subset of operational conditions 
had to be selected for this proof-of-concept demonstration. First, favorable conditions for 
particle deposition were investigated. At these conditions, the EDL force is ignored/ 
minimized by using a high concentration electrolyte (e.g., 100 mM KCl) solution. Second, 
gravity effects were minimized by using colloidal particles with density close to water (i.e., 
(1.045 ± 0.005g/ml). However, gravity effects on particle deposition were still observed in 
some cases. As would be expected, gravity effects became evident for some particles after 
they had travelled some distance from the chamber inlet, therefore those data were excluded 
from the quantitative evaluation and model development described herein. Given the 
extensive number of data points collected prior to any evidence of these impacts (as detailed 
below), further study to incontrovertibly exclude gravity effects was not necessary. Finally, 
convective interaction was also ignored based of an evaluation of the relative contributions of 
Brownian convection and diffusion (represented by the dimensionless number N) as 
described in, as described in Equation 4-1. This evaluation enabled the development of an 
analytical solution to the Convective-Diffusion equation. Specifically, the Smoluchowski-
Levich approximation was used which assumes 1) hydrodynamic interactions between the 
particle and the surface are counterbalanced by attractive VDW forces, 2) particles move 
with the undisturbed fluid velocity, and 3) all other external colloidal and external forces and 
interception are absent or negligible(16). It is generally valid when N>>1.0, which is the case 
herein. In the absence of external forces including gravity, interception, and colloidal and 
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hydrodynamic interactions, the analytical solution for Sherwood number (Sh) representing 
the ratio of convective to diffusive mass transport can be described by Equation 4-2. 
     (4-1) 
                                (4-2) 
3
2
3
2
m pV a
Pe
b D
       (4-3) 
Here, N is the dimensionless ratio of the relative contributions of Brownian convection and 
diffusion, V  the average flow velocity , b  the half channel height, a  the particle radius,  
the particle diffusion coefficient in bulk solution, and Pe  the dimensionless Peclet number 
(described by Equation 4-3) that evaluates the relative contributions of convection and 
diffusion and is calculated from the Stokes-Einstein equation. Sh is the dimensionless flux of 
particles to the surface and = x/b, where x is the distance to the inlet from the point of entry 
in the parallel plate chamber.  
When particles deposit during the initial or “clean bed” period of filtration, particle-particle 
interactions in the colloidal suspension, multilayer-colloidal deposition, and blocking effects 
are negligible and the dominating factor that governs particle deposition is particle-surface 
interaction(16). The deposition rate (number of colloidal per unit area per unit time or 
deposition flux J) is described by slope of particle accumulation over time (Equation 4-4).  
The dimensionless Sherwood number (Sh) can be calculated by estimating J (Equation 4-
5)(45). 
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In these equations, N* is number of colloids deposited at each location during a given time 
interval t, A is the microscopic image area, and C0 is the initial colloidal particle 
concentration.  
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4.3.2 Colloidal particle characterization 
Carboxylated fluorescent (441nm excitation, 486 nm emission) polystyrene microspheres 
(Polysciences Inc., PA) with diameter 0.55 ± 0.017μm, 0.98 ± 0.047 μm and 1.76 ± 0.31 μm 
were utilized; their concentrations in the stock suspensions were 3.64x 10
11
, 4.55 x 10
10
 and 
5.68 x10
9
 particles/mL, respectively. The reported density of the microspheres was 1.045 ± 
0.005 g/mL. Influent microsphere suspensions were made by diluting stock suspensions in 
100mM KCl (VWR, Canada). They were sonicated for 30 minutes before each experiment to 
ensure all particles were disaggregated.   
Electrokinetic properties of the microspheres in the electrolyte solution (100mM KCl) were 
obtained using Dynamic Light Scattering (DLS) (Zetasizer nano range, Malvern, UK). Using 
Smoluchowski’s equation, the measured electrophoretic mobility was converted to zeta 
potential of particle in the KCl solution. To confirm that no particle aggregation occurred in 
the stock suspensions despite its high ionic strength, the particle size distribution of each 
colloid was measured using DLS before and after the deposition experiments. These 
measurements did not indicate any changes in particle size distribution over the two hour 
experimental period, thereby confirming negligible particle aggregation in the stock 
microsphere suspension during the deposition experiments. The measured physical/chemical 
parameters for the selected particle solution and also the corresponding dimensionless 
numbers are listed below (Table 4-1). 
Table 4-1. Physical/chemical characterization of colloidal particles in 100 mM KCl 
Particle 
diameter 
Measured 
Particle size 
Zeta- 
potential 
Initial 
concentration 
Peclet 
number 
Reynolds 
number 
Gravity 
number 
(𝜇m) (𝜇m) 
(mean±std. dev.) 
(mV) 
(mean±std. dev.) 
(particle/ml)    
0.525 0.55±0.017 -18.5±6.3 7.28*10
7
 1.68*10
-4
 0.0167 0.00257 
1.03 0.98±0.047 -24.9±3.1 5.71*10
7
 1.72*10
-3
 0.0167 0.0264 
1.76 1.76±0.31 -21.6±2.2 1.14*10
7
 1.78*10
-2
 0.0167 0.273 
 
 
 
  
 124 
4.3.3 Quartz slide pre-treatment 
Quartz microscope slides with less than 2 nm of surface roughness were utilized during the 
particle deposition experiments (Ted Pella Inc., Redding, USA). The slides were sonicated in 
acetone, cleaned using the RCA 1 method(46), and then rinsed with isopropyl alcohol. The 
clean slides were extensively rinsed with DI water then blown dry with pure N2 gas.  
A nano-fabrication method using CsCl self-assembly was employed to generate different 
roughness sizes on the quartz slide surfaces(47). Briefly, CsCl was evaporated at a pressure 
of 6 μTorr in a humid chamber and deposited onto the slide surfaces, forming isolated 
hemispheres by kinetic dissolution and deposition at the solid/solution boundary(48). 
Subsequently, the slides were exposed in a humid chamber at a relative humidity of 22% and 
a temperature of 21°C for 10 minutes. The spherical shapes of thin layers of CsCl (10 nm) 
were used as a mask to pattern the quartz surface using reactive ion etching (RIE) with a 
constant etch rate of 25 nm/minute to create surface roughness at targeted depths of 10 nm, 
20 nm, 50 nm, 100 nm, 200 nm and 400 nm. After the nano-fabrication process, the modified 
slides were rinsed with Milli-Q
TM
 water and then analytical grade acetone. They were dried 
with N2 gas.  
The modified quartz slides were characterized by streaming potential analysis (Surpass 
Anton Paar, VA, USA) for their zeta potentials, contact angle measurement (Axisymmertic 
drop shape analysis-profile, University of Waterloo, Canada) for their hydrophilic properties, 
and Atomic Force Microscopy (AFM) (XE-NSOM, Park Systems, Korea) for their surface 
topology. The measured peoperties are listed in Table 4-2. Because each slide surface was 
etched rather than coated, the composition and chemical properties of the modified and 
unmodified slides remained consistent. The modified and unmodified quartz slide surfaces 
were negatively charged with similar magnitudes of zeta potentials. The modified and 
smooth slides were both hydrophilic, with contact angles ranging from 20˚ to 25˚ at the 
conditions investigated. The contact angles increased with increased scales of nano-scale 
roughness, indicting that the roughest slides were the most hydrophilic; however, it should be 
noted that these changes were not substantial. The AFM images demonstrate that the nano-
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fabrication process generated roughness in the shape of hemispherical columns uniformly 
distributed over the entirety of each quartz slide surface. They also confirm that longer RIE 
etching times produced deeper surface roughness. The achieved absolute height of the 
roughness features generally met the targeted values.  
The arithmetic average roughness (Ra) and the root mean square roughness (Rq) were 
measured (Table 4-2). These values are different from the absolute roughness size (peak to 
peak values of roughness elements). That is because the Ra and Rq calculations also include 
the distance between roughness elements. Triplicate AFM measurements of the height of 
roughness features in a 20 μm x 20 μm section of each slide were employed to obtain Ra and 
Rq.  
Table 4-2. Quartz slide characteristics 
Target roughness Measured Ra Measured Rq Water Contact angle Zeta-potential 
(nm) (nm) 
(mean±std. dev.) 
(nm) 
(mean±std. dev.) 
(deg) 
(mean±std. dev.) 
(mV) 
(mean±std. dev.) 
10 4.3±0.5 5.6±0.5 31.2±6.8 -18.3±3.5 
20 1.9±0.2 2.8±0.3 27.2±5.5 -21.5±6.7 
50 10.7±1.8 14.6±1.8 29.4±4.3 -16.2±5.1 
100 30.3±2.9 35.9±3.3 26.2±7.1 -14.9±5.8 
200 53.5±7.6 65.1±6.4 21.9±4.2 -13.6±7.4 
400 60.7±9.1 81.4±7.8 18.3±3.5 -15.3±5.2 
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Figure 4-1. AFM profiles of representative modified slides with roughness sizes of a) 10nm, b) 20 nm, c) 
50nm, d) 100nm, e) 200nm, and f) 400 nm. 
4.3.4 Experimental Setup 
The colloidal particle deposition experiments were conducted in a vacuum-sealed parallel 
plate flow chamber (GlycoTech, MA, USA) with inner dimensions of 5x1 cm (Figure 4-2(a)). 
The parallel plate chamber was firmly bonded on the quartz slides and installed on the stage 
of an automated inverted fluorescence microscope (Eclipse Ti, Nikon, Canada). Images were 
b) a) 
c) 
e) 
d) 
f) 
 127 
continuously acquired during each experiment at 9 locations along the flow direction from 
the inlet to the outlet of the chamber, with 5 replicated measurements (labeled as Location 1-
5 in Figure 4-4) in the cross-flow direction at each location (Figure 4-2(b)). All cross-flow 
measurements at each location along the flow path were treated as replicates because the 
distances between points were several orders of magnitude greater than the size of particles 
so each point could be considered independent and obtained at identical experimental 
conditions. 
 
 
Figure 4-2. Schematic of experimental set-up. a) Parallel plate chamber attached to quartz slide (left). 
b) Sampling locations on the quartz slide (right). 
 
The use of the parallel plate chamber enabled particle deposition to be easily monitored and 
modeled as long as key assumptions were met, as discussed above. Multiple colloid sizes of 
environmental relevance and a relatively long (i.e., 4 cm as opposed to 2 cm, which is 
commonly reported in the literature) parallel plate chamber were utilized with the recognition 
that at some point the role of gravity within the chamber would likely confound the ability to 
attribute deposition to surface roughness as opposed to deposition due to the combined effect 
of surface roughness and gravity. More specifically, the aim of the experimental 
configuration was to enable the collection of a data set in the zone where flow and roughness 
related diffusion-convection effects were essentially constant (i.e., at points within the 
chamber that were a relatively short distance away from the inlet) and gravity effects were 
reasonably insignificant such that the bulk colloid concentration in the zone of interest within 
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the chamber was essentially constant and unchanged from that entering the chamber. 
According to Adamczyk and van de Ven (1981)(16, 17, 45), at some point along the flow 
path particle deposition profiles reach a plateau because particles accumulate in the zone 
above the bottom surface in the chamber, resulting in a higher particle concentration than in 
other part parts of the chamber, thereby hindering their deposition and resulting in a particle 
concentration gradient between the bulk suspension and the zone near the bottom surface 
within the chamber. The experimental configuration and exhaustive collection of data 
enabled reasonable assessment of the where in the chamber (i.e., the distance along the flow 
path) the contributions of gravity to particle deposition became significant and thereby 
allowed identification of a dimensionless distance within the chamber beyond which data 
could be excluded from analysis due to contributions from gravity. 
During each experiment, the parallel plate chamber was first primed to prevent bubble 
entrapment. Specifically, it was placed in a vertical orientation and particle free 100 mM KCl 
was pumped through it using a syringe pump (ID: 55-333, Harvard Apparatus, Canada) at a 
flow rate of 100 μL/min for 15 minutes. The chamber was then placed on the monitor stage 
(PRIOR Scientific, MA, USA) and the flow rate was adjusted to the desired value for 30 
minutes to ensure steady flow conditions within the chamber.  After the flow stabilized, the 
colloidal particle suspension was pumped through the chamber at a rate of 10.0 μL/min, 
corresponding to a mean loading rate of 6.7 x10
-5
 m/s. All experiments were conducted at pH 
of 6.5–6.9 and 22–24˚C.  
Microsphere deposition on the quartz slides was imaged at 40X magnification every 5 
minutes during the 120-minute duration of each experiment. This was achieved by focusing 
on the bottom surface of the parallel plate chamber. A relatively long exposure time (1 
second) was used to distinguish between deposited and moving particles. Moving particle 
appeared as streaks, whereas deposited particles appeared as discreet spheres that remained in 
a fixed location in subsequent images.  
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4.3.5 Image Analysis 
An image analysis program was developed in MatLab
®
 to enumerate deposited particles. To 
ensure maximum accuracy, the program had to a) confirm that particles remained in a fixed 
location after being deposited; b) count particles accurately despite lens curvature, which 
meant counting in blurred image areas or areas containing over-bright particles due to lens 
curvature; and c) exclude aggregated particles from the count.  Local Hessian matrices were 
computed for each pixel in each image, and the determinant of each matrix was 
calculated.  A probability density function of the matrix determinants was then constructed 
and the cell centroids were identified using nonmaximal suppression and statistical analysis 
on the constructed probability density function. Aggregated and moving particles were 
excluded by setting the threshold for particle size and shape in the enumeration code. To 
confirm the accuracy of the microsphere enumeration program, selected images were 
manually counted and compared to the counts obtained with the automated system. 
Representative initial and enumerated images are presented in Figure 4-3(a) and (b), 
respectively.   
  
Figure 4-3. Representative images of a) an initial image of deposited particles and b) an enumerated 
image depicting microsphere deposition on a quartz slide. 
 
To determine particle flux to the target surface, the number of deposited particles at each 
location was tracked over time. A representative plot of cumulative number of attached 
particles per unit area (image) as a function of time is presented in Figure 4-4. This figure 
demonstrates that the number of deposited particles increased linearly with time within the 
a)
) 
b)
) 
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first two hours, indicating non-impeded deposition (i.e., negligible blocking). Excluding the 
first 10 minutes during which the system was primed, a linear relationship (R
2
 >0.999) in 
particle deposition over time was observed at all locations during the experiments. The slope 
of each individual curve was used to assess particle deposition (J and Sh) using Equation 4-3 
and 4-4.  
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Figure 4-4. Representative plot of the number of polystyrene particles deposited over time in the parallel 
plate chamber at five locations across the width of the chamber. 
4.3.6 Experimental design 
This study involved three phases of experimentation. The Phase I and II experiments focused 
on quality assurance (QA), while the Phase III experiments were designed to assess the 
impact of surface roughness on particle deposition. It should be noted that the QA 
experiments were considered critical to incontrovertibly demonstrating the impact of surface 
roughness on particle deposition. Most such experimental investigations do not report 
confirmatory data demonstrating consistency except for roughness between all experimental 
surfaces(18, 37, 45, 49); accordingly, when particle deposition data from other studies are 
examined, it is difficult to attribute observed outcomes exclusively to impacts of surface 
roughness. Here, details of the experimental surfaces evaluated by streaming potential 
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analysis, contact angle evaluation and AFM, are reported as discussed above. Potential 
impacts from the washing protocol used to clean the experimental parallel plate chamber 
(Phase I) and the initial concentration of particles utilized during the deposition experiments 
(Phase II) were investigated to ensure that experimental outcomes observed during 
experimental Phase III were exclusively attributable to surface roughness. 
During Phase I, an initial particle deposition experiment was conducted using 0.55 μm 
microspheres (initial concentration = 7.28x10
7 
particles/mL). After running each deposition 
experiment, the quartz slide was cleaned and the same experiment was repeated. The slide 
cleaning protocol involved dipping the slide in Milli-Q
TM
 water and removing it very slowly, 
owing from the pulling force at liquid/air/solid contact lines(50). After dipping the slide 10 
times, the slide was immersed in acetone and sonicated for 15 minutes to remove all residual 
polystyrene, which dissolves in acetone. The slide was then extensively rinsed with Milli-
Q
TM
 water and blown dry with N2 gas. Each slide was examined by fluorescence microscopy. 
The cleaning method was able to consistently achieve >98% removal of attached particles 
from the slide surface. This experimental phase was critical to ensuring that particle 
deposition monitored during Phase III occurred during the clean-bed period, with negligible 
particle-particle interactions. 
During Phase II, different initial concentrations of representative microspheres (i.e., 0.98 μm) 
were utilized during the particle deposition experiments. The initial microsphere 
concentration investigated was 5.7x10
7 
particles/mL and represented a 100% particle load in 
the influent suspension. The other investigated initial particle concentrations were 50% and 
20% particle concentrations/loads.  Theoretically, the dimensionless particle flux to the 
surface (Sh) should not be impacted by the initial influent particle concentration; however, in 
practice it is independent of influent particle concentration if particle deposition is being 
monitored during clean bed operation and if the particles do not aggregate during the 
experiments. In this study, influent particle suspensions were always made immediately 
before the experiments were conducted. They were also consistently sonicated prior to the 
experiments to avoid microsphere aggregation. This experimental phase was critical to 
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ensuring that Phase III experiments were conducted during clean bed particle deposition with 
negligible particle-particle interactions and without particle aggregation.   
The Phase III investigation was comprised of 18 experiments, utilizing six targeted surface 
roughness sizes and three particle sizes (0.55, 0.98 and 1.76 μm microspheres) to evaluate the 
concurrent effects of particle size and roughness size on the particle deposition. The influent 
particle suspensions contained 7.28x10
7
 and 5.7x10
7
 and1.14x10
7 
particles/mL of 0.55, 0.98, 
and 1.76 μm particles, respectively. 
 
4.4 Results and discussion  
4.4.1 Phase I and Phase II Results 
Particle deposition (Sh) along the nine sampling locations along the distance from the 
chamber inlet to the outlet during the Phase I experiments is presented in Figure 4-5 (a).  Five 
measurements were collected at each distance along the width of the slide (as depicted in the 
Figure 4-5). No differences in particle deposition (Sh) in experiments conducted before and 
after slide cleaning were observed. These results demonstrated that the cleaning method used 
during these and subsequent experiments effectively remove retained particles and returned 
the quartz slide surfaces to a clean bed condition so that they could be re-used. The duplicate 
deposition data were compared to results obtained using the analytical solution for particle 
deposition (Equation 4-2). As the selected particle size was relatively small (0.55 μm), N was 
17402 and >>1.0, indicting that this key assumption of the analytical solution was satisfied 
for the experimental conditions applied herein. As demonstrated in Figure 4-5(a), excellent 
agreement between the experimental data and the analytical solution for dimensionless 
particle deposition (Sh) was obtained, as would be expected when the assumptions of the 
analytical solution were met. This agreement also confirmed the effectiveness of our 
experimental set-up, images acquisition and image analysis protocol for evaluating the 
particle deposition behavior. 
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Particle deposition (Sh) along the nine sampling locations along the distance from the 
chamber inlet to the outlet during the Phase II experiments is presented in Figure 4-5(b). 
Particle deposition (Sh) after concentration normalization did not vary between the triplicate 
experiments. These results suggested that the deposited particles were effectively enumerated 
with the developed image analysis protocol. Moreover, the data demonstrated that the initial 
particle concentration did not impact particle flux to the surface; accordingly a higher initial 
particle concentration could be utilized to shorten the duration of experiments during Phase 
III. 
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Figure 4-5. Representative plot of deposition curves for a) cleaning test with operational conditions: 
400nm roughness, colloidal particle diameter: 0.55 μm, initial particle concentration: 7.28*107 particle 
per ml; and b) concentration test using smooth slides, colloidal particle diameter: 0.98 μm, initial particle 
concentrations: 5.7*10
7
, 2.85*10
7
 and 1.425*10
7
 particles/mL, flow rate: 10μL/min, ionic strength: 
100mM KCl, pH~6.9, and temperature: 22˚C. 
 
The Phase I and II experiments demonstrated that neither the quartz slide wash protocol, 
particle aggregation due to high ionic strength in the stock suspension, nor influent particle 
concentration affected clean bed conditions on the quartz slides between experiments. They 
 134 
validated the appropriateness of the experimental set-up, operational procedures and the 
automated code for particle enumeration. The large number of experimental data (1125 
images per experiment) enabled demonstration of the accuracy in the particle flux data. 
Accordingly, these experiments contributed to ensuring that the results obtained during the 
Phase III experiments incontrovertibly demonstrated surface rough impacts on particle 
deposition.  
4.4.2 Phase III Results 
To definitively prove a non-linear, non-monotonic effect of surface roughness on particle 
deposition, a well-controlled experiment involving an experimental configuration in which 
the convective-diffusion equation could be readily described and several colloidal particle 
sizes could be investigated was required, because it has been well established that colloidal 
particle size impacts particle deposition on surfaces(17, 18). Three different particle sizes of 
environmental relevance and six roughness sizes were utilized because the different 
combinations of particle and roughness sizes were expected to yield different deposition 
outcomes (74). The observed flux of the smallest (0.55 μm) particles to the surface at the 9 
locations (i.e., distances from the inlet) on the slides at the 6 roughness sizes is presented in 
Figure 4-6(a). Maximum particle deposition (Shexp) was observed at the inlet of the parallel 
plate chamber. Particle deposition then decreased asymptotically with increasing distance 
from the inlet to the chamber ( ). The corresponding analytical solution for particle 
deposition was calculated (Equation 4-2) and also plotted for comparison. As expected, with 
10 nm of surface roughness, the observed Shexp values based on the experimental data were 
very similar to the analytical solution. The roughness size of 10 nm was small and not 
substantially different from a smooth surface; accordingly, the analytical solution predicted 
the particle deposition flux well. As expected, deposition fluxes eventually reached a plateau 
because of gravity; in this case this occurred at a dimensionless distance ( ) of 200. 
Therefore, the flux data collected at 200 and beyond were excluded from quantitative 
analysis.  
x
x
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As mentioned above, to minimize the gravity effect which is substantially impacted by 
particle size and density and thus alternatively determine the location of plateau for 
deposition curve, the density of the particle suspension was chosen to be close to the KCl 
solution. Before the cut-off distance, the cumulative gravity effect on concentration gradient 
is relatively small as compared to diffusion and convection. In contrast, numbers of 
suspended particle in bulk solution settled down at the vicinity of bottom surface after the 
cut-off distance and ultimately form a concentration gradient which could interfere the 
deposition rate. The cumulative gravity effect is gradually owing to the dynamic equilibriums 
among various mechanism including diffusion, convection, hydrodynamic, gravity and 
chemical related mechanisms. It is also changeling to predict the exact value of cut-off 
distance (200 for 0.55μm particle) for average flux calculation to exclude the cumulative 
gravity impact and also beyond the scope of this study. As the focus of this investigation is to 
identify the impact of nano-scale roughness on deposition, cut-off distance at dimensionless 
distance of 200 was applied to for subsequent data analysis and comparison for other sizes of 
colloids. 
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Figure 4-6. Dimensionless deposition rate (Shexp) and average dimensionless flux (Sh exp,avg) of 0.55 μm a) and c), 0.98 μm b) and e), 1.76 μm c) and f) 
microsphere on quartz slides with different patterned roughness (10 nm, 20nm, 50 nm, 100nm, 200nm and 400nm respectively). The operational 
conditions: colloidal particle diameter: 0.55μm, initial particle concentration: 7.28*107 particle per ml respectively. Other conditions: flow rate: 
10ul/min, Ionic strength: 100mM KCl, pH~6.9, Room temperature: 22˚C. 
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The deposition profiles for the larger (0.98 and 1.76 μm) colloids, as well as the associated 
analytical solutions for deposition, are presented in Figures 4-6(b) and (c), respectively. Like 
for the smaller colloids, Shexp decreased along ; however, it was ~2 and ~7 times higher 
than the calculated analytical solution Sh for the 0.98 (Figure 4-6(b)) and  1.76 μm (Figure 4-
6 (c))  colloids, respectively. As would be expected, greater deviation between the analytical 
solution and experimental data would be expected for larger sized colloids because gravity is 
inversely proportional to diffusion, but cubically proportional to particle sized (16). Notably, 
while the deposition profile (Shexp) for the 0.98 μm particles (Figure 4-6(b)) was similar to 
that of the 0,55 μm particles (Figure 4-6(a)), the trend in deposition flux along  was 
inversed for the 1.76 μm particles (Figure 4-6(c)); instead of decreasing with dimensionless 
distance in the flow direction, Shexp increased with  and then leveled off. Moreover, these 
data clearly demonstrated that total flux of particles to the surface increased with particle 
size. Overall, these observations and comparative differences in particle deposition profiles 
for the various sizes of colloids underscore the complex relationship between colloid and 
roughness size on particle deposition.  
Close examination of Figures 4-6 (a-c) demonstrates a non-linear, non-monotonic impact of 
surface roughness on particle deposition. More specifically, deposition (Shexp) of a particle of 
given size at a specific point in the chamber (i.e. distance along the flow path) varied non-
linearly with roughness size. The observed non-linear, non-monotonic effect of surface 
roughness on particle deposition can be more clearly and definitively demonstrated by 
examining the average dimensionless deposition flux Shavg for a given combination of 
particle and roughness size. This was done by averaging the Shexp values for each slide 
determined between 0.5 and 2.5 cm ( = 40 and 200) using Equation 4-6  
    ( 4-6) 
x
x
x
x
Sh
exp,avg
=
Sh
xi
*
x1
xn
å (xi+1 - xi )
xn - x1
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in which is the observed flux at  on the deposition curves, n = 5,  = 40 and  = 200. 
The Shexp values for the first sampling location ( = 0) were excluded from the calculation 
because flow likely had not reached steady state at the entrance of the parallel plate chamber. 
The Shexp for sampling locations where the Shexp reached a plateau ( > 200) were also 
excluded because of the likely concentration gradient near the contact surface that was 
discussed above, which would violate the fundamental assumption of clean bed filtration(15, 
51, 52). While this effect merits further study, it was beyond the scope of the present work 
and fortunately did not preclude definitive demonstration of a non-linear, non-monotonic 
effect of surface roughness on particle deposition. 
The average dimensionless deposition flux Shexp,avg at the various surface roughness sizes 
investigated herein is presented for each particle size (0.55, 0.98, and 1.76 μm) in Figures 4-
6(d), (e), and (f), respectively. These figures demonstrate that, regardless of particle size, as 
surface roughness size increased, particle deposition flux first decreased to a minimum value 
and then increased and finally leveled off. The minimum level of particle deposition or “sag 
effect” depends on particle size and a “critical roughness size” below which, increases in 
nano-scale surface roughness result in decreased particle deposition and above which, 
increases in nano-scale surface roughness results in increased particle deposition that 
ultimately plateaus. For example, the maximum Shexp,avg for the 0.55 μm particles was 
obtained at the smallest roughness size (10 nm); the deposition minimum was observed at a 
critical roughness size of 50 nm (Figure 4-6(d)) and the maximum measured Shavg was 32% 
larger than the minimum value. This difference in particle deposition was significantly 
(p=.0021) and highlights the significant impact of nano-scale roughness on 0.55 μm particle 
deposition. Similarly, the maximum Shavg for the 0.98 μm particles was also observed at the 
10nm roughness size; however, the deposition minimum was observed at a critical roughness 
size of 100 nm (Figure 4-6(e)). While a “sag effect” was also observed with these particles, 
the difference between maximum and minimum Shavg values was only 12.5%. Nonetheless, 
the greatest differences in 0.98 μm particle deposition fluxes to surfaces with different levels 
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of nano-scale roughness were still significantly different (p=0.0001) at the conditions 
investigated. 
The relationship between particle deposition flux and surface roughness size for the 1.76 μm 
particles was different from those of the other particles (Figure 4-6(f)). In this case, there was 
no clearly apparent “sag effect” and the difference between the maximum and minimum 
values of Shavg was only 1.4 %, which was not statistically significant (p=0.268). Not 
surprisingly, none of the differences between 1.76 μm particle deposition fluxes to surfaces 
with different levels of nano-scale roughness were significantly different at the conditions 
investigated. An increase in flow rate would likely have an additional synergistic impact 
resulting in an apparent sag effect for these larger size particles. Further, changes in 
operational conditions such as the flow rate and/or ionic strength would undoubtedly result in 
different particle deposition profiles and should be the focus of future study. 
The present investigation is consistent with others that have demonstrated that the deposition 
of smaller particles on surfaces is more sensitive to nano-scale surface roughness than that of 
larger particles(25, 34). While enhanced particle deposition in the presence of surface 
roughness has been widely reported(39, 49, 53), some studies have reported decreased 
deposition associated with surface roughness (37, 40). Notably, the present investigation 
demonstrates a significant non-linear, non-monotonic relationship or “sag effect” between 
particle deposition and surface roughness size; this relationship is unique to different 
combinations of particle and roughness size for a given set of operational conditions (e.g., 
flow rate, ionic strength, etc.). The results presented herein are also consistent with the 
experimental data obtained from column tests conducted with glass beads (74). In contrast to 
those results from packed column studies, the experiments presented herein were more 
exhaustive and conducted with an experimental configuration (i.e., parallel plate chamber 
with extensive sampling) that enabled definitive evidence of the non-linear, non-monotonic 
impacts of nano-scale surface roughness on colloidal particle deposition on collector surfaces 
and subsequent mathematical model development (presented in the associated Part II paper 
76). 
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4.5 Mechanistic Implications 
The well-controlled operational conditions applied in the present investigation minimized 
and essentially excluded confounding impacts of surface chemical heterogeneity, surface 
hydrophobicity, and the secondary energy minimum on particle deposition. The use of 
100mM KCl compressed the electric double layer (κ-1 = 0.3 nm) around the colloidal 
particles and contact surface, thereby minimizing the impact of the secondary energy 
minimum. Contact angle measurements on the contact surfaces with different levels of 
roughness did not indicate substantial differences in surface hydrophobicity. Microscopic 
evaluation of all modified quartz slide contact surfaces did not reveal any indication of 
surface chemical heterogeneities, as well extensive particle aggregation or blocking at 
specific locations was not observed. Chemical heterogeneity(33, 42), the secondary energy 
minimum(54, 55)and hydrophobicity (40, 56) are commonly recognized, chemically-based 
mechanisms that can influence particle deposition behavior; however, they clearly did not 
result in the non-linear, non-monotonic relationship between the particle deposition and the 
surface roughness that was observed in the present investigation. 
Enhanced particle deposition in the presence of surface roughness had been extensively 
discussed in the literature(25, 37, 57). It has been widely accepted that the presence of 
surface roughness can reduce the magnitude of interaction energy curves; previous modeling 
studies have suggested that repulsive electrostatic forces decay more rapidly than attractive 
van der Waals force over distance from target surfaces (19, 58). Accordingly, the energy 
barrier can be substantially reduced, even if only 4% of a surface is covered by roughness 
(59). Particle size is also relevant to particle deposition; the critical roughness scale that 
results in the minimal interaction energy that favors particle deposition may vary with the 
particle size(36, 60). The increased distance between particles and deposition surfaces that is 
attributed to roughness elements makes net interaction energy more favorable for particle 
attachment on surfaces(26, 59, 60). Accordingly, quantitative description of DLVO 
interaction energy should be modified to reflect the impact of surface roughness and its non-
linear, non-monotonic impact on particle deposition, as demonstrated herein. This is 
discussed in the paper (Part II) that accompanies this one.  
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In addition to recommended changes in the calculation of DLVO forces, the hydrodynamic 
retardation functions that describe the repulsive wall effects on approaching particles should 
also be modified to include the effect of surface roughness(52). Originally developed in 
1960s(61-64), hydrodynamic retardation functions have been successfully applied to describe 
the hydrodynamic retardation effect of approaching particle due to the wall effects. It is 
recently recognized; however, that for rough surfaces, the effective surface plain is located at 
an intermediate position between the top and bottom of the asperities; the position of this 
intermediate plane is controlled by the density of the roughness elements(65, 66). 
Accordingly, hydrodynamic retardation should be scaled down depending on the height of 
roughness asperities. The presence of surface roughness can reduce the retardation effect and 
enhance particle transport, bringing particles closer to target surfaces, thereby potentially 
enhancing deposition. The quantitative analysis of the expected extent of enhanced particle 
deposition due to surface roughness is discussed in the accompanying paper (Part II). 
Decreased particle deposition in the presence of surface roughness can also be the result of 
the changes in hydrodynamics. When surface roughness is present, the absolute scales and 
direction of flow change accordingly(67, 68).  A slip boundary condition (or partial-slip 
boundary condition) should be used instead of the no-slip boundary that is commonly used 
and only applicable to smooth surfaces. Depending on the coverage and scale of surface 
roughness, the flow velocity on the contact surface may be increased and lead to more 
particle deposition from convection. The presence of roughness can also change the flow 
direction around the roughness features and simultaneously enhance particle detachment.  Ko 
et al. (2000) (69) reported the “shadow effect” to explain decreased particle deposition 
caused by the surface roughness. They hypothesized  that surface roughness could alter the 
tangential component of fluid flow around roughness features and “guide” the approaching 
particle away from the surface, creating a “shadow zone” for particle attachment. Similarly, 
Yang et al. (1999) (18) reported that the changes in flow direction due to surface asperities 
could decrease particle deposition.    
The shear lift force could be another factor that contributes to decreased particle deposition 
associated with surface roughness(70, 71). When a particle approaches a target surface, it 
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experiences a lift force that “pushes” the particle away from the surface, due to the relative 
translation velocity between the particle and the streamlines in the viscous flow(70, 71). If 
the particle is already resting on the surface, the shear lift force is always present to 
contribute to driving it away from the surface(72). Leighton and Acrivos (1985) found that 
surface roughness could impact the scale of shear lift force when the particle attached to the 
surface(72). Derksen and Larsen (2011) demonstrated that surface roughness (in the form of 
attached spheres) could increase the shear lift force by 3.6 times as compared to the lift force 
on smooth surfaces; moreover, the shear lift force was independent of Re when Re<0.1 and 
could be significant even at low Re.(73) Therefore, shear lift forces will not only “push” 
approaching particles away from target surfaces, but also “shear off” attached particles, 
thereby leading to decreased particle deposition. The net force exerted on the colloidal 
particles determines the final fate of particle as attached and removed from suspension or 
detached and migrate back the bulk solution. Appropriate consideration of all of these factors 
will better enable quantitative explanation of the observed critical roughness size or “sag 
effect” for particle deposition on surfaces described herein.     
4.6 Conclusions 
To systemically evaluate and definitively demonstrate the impacts of surface roughness on 
particle deposition at high ionic strength conditions favoring particle deposition, a two part 
investigations (experimental, Part I and numerical simulation, Part II ) was conducted. The 
Part I investigation is presented in this paper. The deposition kinetics of polystryrene 
microspheres suspended in 100mM KCl on quartz slides with nano-scale surface roughness 
were examined. A non-linear, non-monotonic relationship between surface roughness and 
particle deposition flux was observed. A critical roughness size that contributed to a minimal 
deposition flux for each combination of particle and roughness size was identified 
experimentally. When the roughness size was greater than critical roughness, increased 
roughness resulted in increased particle deposition; in contrast, increasing roughness at sizes 
smaller than the critical roughness size resulted in decreased particle deposition. The effect of 
roughness on particle deposition was most significant for small colloids (e.g. 0.55 μm) whose 
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deposition was mainly dominated by diffusion. This paper also underscored the importance 
of methodology of used to evaluate particle deposition behavior on target surfaces by 
underscoring the importance of rigorous quality assurance and the importance of adequate 
data collection so as to assure appropriate mechanistic evaluation of outcomes (e.g., the 
importance of reproducibility in data and exclusion of confounding factors such as gravity).      
A straightforward analytical solution to the convective-diffusion equation was utilized herein 
to help interpret the experimental outcomes. The data presented herein underscore the 
inadequacy of current models of particle deposition that assume smooth collector surfaces. 
The development of a modified analytical solution to describe particle deposition behavior in 
the presence of surface roughness is presented in the Part II paper in which formula 
modifications for different mechanisms (flow field, hydrodynamic retardation, and DLVO 
interaction energy) due to the presence of the roughness are discussed and a numerical model 
is developed to simulate the non-linear, non-monotonic effect of the surface roughness on the 
particle deposition observed in the parallel-plate chamber experiments. 
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Chapter 5 
Non-Linear, non-monotonic impact of nano-scale roughness on 
particle deposition: II. Numerical modeling 
5.1 Overview  
This is the second of a two-part investigation of the impact of nano-scale surface roughness 
on particle deposition at high ionic strength conditions favoring particle deposition. In the 
preceding paper, a non-linear, non-monotonic relationship between particle deposition and 
surface roughness was demonstrated and a critical roughness size associated with a minimum 
deposition flux was identified. Here, an Eulerian model describing colloidal particle 
deposition influenced by nano-scale surface roughness is developed. The model incorporates 
numerical modifications to the flow field profile, hydrodynamic retardation functions, and 
DLVO interaction energy; the influence of each component on particle deposition is 
quantitatively evaluated. The importance of gravity and the boundary condition for 
deposition in the Convective-Diffusion equation is also discussed. The numerical solutions to 
the model were validated by comparison to the experimental data reported in our preceding 
paper (60). The present work provides a mathematical framework that enables better 
quantitative description of particle deposition on real surfaces for numerous applications 
(e.g., natural and engineered filtration, semi-conductor manufacturing, pipeline efficiency 
optimization, prevention of food contamination, cell separation and detection, air quality 
assessment, etc.) because it includes the effect of collector surface roughness on particle 
deposition. 
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5.2 Introduction 
The physico-chemical process of particle transport and attachment on collector surfaces 
(deposition), has been studied in the context of various natural and engineered systems, 
including filtration, since the 1960s; mathematical models have been developed to simulate 
this process(1-4). Existing models are able to predict particle deposition on surfaces when the 
following assumptions are satisfied(3, 5-7): 1) the contact surface is completely smooth, 2) 
there is no interaction energy barrier between the approaching particle and the target surface, 
3) diffusion is the dominant mechanism governing particle transport to the target surface, 
4) there are no particle-to-particle interactions in the suspension, and 5) blocking on the 
target surface is insignificant (i.e., clean bed filtration). As a result, existing models are 
typically inadequate for describing or predicting particle deposition in real-world 
applications, such as drinking water filtration processes. One reason why it is difficult to 
apply currently available models for particle deposition to real-world applications is because 
most surfaces commonly present in natural and engineered systems are not perfectly smooth, 
having at least some degree of surface roughness, at the nano-scale or larger.  
Enhanced particle deposition attributed to surface roughness has been frequently reported(8-
10); however, decreased particle deposition has also been attributed to surface roughness in a 
few cases(11, 12). In our Part I paper (60), the influence of the surface roughness on particle 
deposition was systematically studied through experiments conducted in a parallel plate 
chamber with plates patterned by different roughness sizes. A non-linear, non-monotonic 
relationship between surface roughness size and particle deposition was observed and the 
existence of a critical roughness size associated with a minimum deposition flux was 
identified for the conditions investigated.   
The ultimate goal of our work is to develop a theoretical model that 1) describes colloidal 
particle deposition in the presence of surface roughness and 2) simulates particle deposition 
in systems with different geometries such as stagnation point flow chambers(13), rotating 
disks (4, 14), and spherical collectors(15-18) to name a few. The first critical step to 
achieving that goal was to establish a mathematical framework applicable to describing 
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particle deposition behavior in the presence of surface roughness in a parallel plate chamber. 
The Convective-Diffusion Equation was utilized to develop that mathematical framework.  
Here, a model predicting particle deposition in a parallel plate chamber was developed to 
incorporate the impact of surface roughness on particle deposition. Accordingly, an 
appropriate description of surface roughness geometry was developed and associated impacts 
on the flow field were described. Relative to commonly utilized approaches for modeling 
particle deposition that assume smooth surfaces(6, 7, 19), this required modifications to 1) 
hydrodynamic retardation functions, and boundary conditions for the 2) flow field and 
3) convective-diffusion (C-D) equation. DLVO forces in the presence of surface roughness 
also required appropriate representation(20-23). Chemical heterogeneity and surface 
hydrophobicity were negligible in the system(60) and were therefore excluded from the 
model. As well, the shear lift force associated with the employed loading rate of 6.67x10
-5
 
m/s was negligibly small compared to DLVO forces and Brownian motion; therefore, it also 
was also excluded from the model.  
5.3 Mathematical modeling 
In this section, parallel plate chamber geometry impacted by nano-scale surface roughness is 
described. The approaches utilized to represent the flow field, hydrodynamic retardation, 
DLVO forces, flow field boundary conditions, and convective-diffusion equation boundary 
conditions are also described and integrated to yield a C-D model describing particle 
deposition on rough surfaces. The model is then validated by comparing the numerical 
solutions to analytical solution and the experimental results reported in Jin et al. (2014)(61). 
5.3.1 Parallel plate chamber geometry and implications to flow fields. 
Controlled by the conservation law, the mass transport of a particle in a suspension can be 
expressed as 
      ( 5-1) 
c
J Q
t

 

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where j is the particle flux vector, is the particle reaction rate, c is the particle 
concentration, and t is reaction time. At steady state ( ) and in absence of chemical 
reactions, the general continuity equation can be simplified to 
      (5-2 ) 
Under the influence of convection, diffusion and external forces that can act as extra sources 
or sinks of momentum, the particle flux in a fixed Cartesian coordinate system (x,y,z) can be 
defined as   
     (5-3 ) 
     (5-4 ) 
     (5-5 ) 
where T is the absolute temperature; is Boltzmann’s constant; c is the particle 
concentration; , and are the particle flux vectors; , and are the respective 
components of the diffusion tensor; u, v and w are the respective components of the fluid 
velocity; ,  and  are the respective components of the external forces. In this 
coordinate system, x is the flow direction (along the length of the chamber), y is the direction 
of chamber width, and z is the direction of chamber height. To solve the C-D equation so that 
the concentration of particles in time and space can be determined within the system, the 
particle velocity, net forces acting on the approaching particle, and the associated boundary 
conditions need to be determined.  
Here, the fluid velocity field in the parallel plate chamber was assumed to be distant from the 
entrance of the chamber, allowing for a completely developed parabolic velocity profile. 
When the plate surface is chemically homogenous and smooth, the undisturbed fluid velocity 
(u, v, w) in the Cartesian coordinate system (u, v, w) can be expressed as 
Q
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      (5-6 ) 
       (5-7 ) 
       (5-8 ) 
where Vavg is the average fluid velocity and b is half of the channel height.  
Inclusion of surface roughness effects necessitates changes in the boundary conditions used 
to calculate fluid flow fields(24). When target surfaces are assumed to be smooth, the no-slip 
boundary condition is applied to the target surface to determine flow velocity. When target 
surfaces cover by roughness, accurate flow field representation requires replacement of the 
non-slip boundary condition with slip or partial-slip boundary conditions(24-26), depending 
on the height and total coverage of roughness elements. Alternatively, the “effective target 
surface” can be regarded as a hydrodynamically equivalent smooth plane located between the 
top and bottom of roughness elements(6). The no-slip boundary condition for the “effective 
target surface” is still valid, but just moving from the top of roughness element to the bottom. 
When >50% of a surface is rough, the “effective target surface” can be considered as the 
plane at the bottom of the roughness elements and the velocity profile can be scaled by 
roughness size(24, 27)
28
. As a result, the velocity component that is parallel to the direction 
of flow in the chamber should be higher for rough surfaces as compared to smooth ones(25).  
In the presence of surface roughness, the no-slip boundary condition for smooth surfaces 
should be modified with consideration of roughness size and extent of coverage. Based on 
the AFM measurements of the modified quartz surfaces employed during the present 
experiments, surface roughness coverage was >50%. The no-slip boundary condition was 
accordingly applied at the bottom of the roughness elements. The separation distance 
between the approaching particle and the surface was modified with dimensionless slip-
length rslip and the flow velocity above the roughness elements (uslip) was approximated as 
    (5-9 ) 
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The effect of the slip boundary condition on particle deposition flux was evaluated by 
simulating particle diffusion-convection with different slip lengths.  A 1.0 μm particle size 
was selected and the associated Pe number was 0.1. The gravity, DLVO interaction, and 
hydrodynamic retardation functions were turned “off” by setting the Gr and DLVO 
interaction to 0 and the rslip=0. Different values of rslip (0.001, 0.01,0.1 and 1) were used. 
In this investigation, the parallel plate chamber was situated in a manner parallel to the 
ground. The flow field inside of the chamber was wide enough to neglect edge effects in the 
y-direction. It was also assumed that particle concentration did not change in the y-direction. 
The fluid velocities in the y- and z-directions were negligible (i.e.,  and ), so the 
general equation for particle flux to the surface could be simplified to two dimensions and 
described by 
          (5-10 ) 
      (5-11 ) 
A schematic representation of the parallel plate chamber system with rough surface features 
is shown in Figure 5-1. In this system, the fluid velocity field was assumed to be laminar, 
steady and incompressible; and the suspended colloidal particles passing through the 
chamber were treated as smooth spherical particles. The roughness features added to the 
target surface were created using materials identical to those comprising the smooth slide 
surface; so, they had the same chemical potential, hydrophobicity, and Hamaker constant as 
the smooth surfaces (61). Particle-particle interactions and blocking effects were 
demonstrated as negligible in the system(61); as a result, particle deposition was driven by 
particle-surface interactions, thereby satisfying clean bed theory. 
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Figure 5-1. a). Parallel plate chamber system schematic and AFM image for rough surface, b) Schematic 
representation of roughness features on the target surface 
5.3.2 DLVO interaction energy under the effect of roughness 
Classic DLVO theory has been used to describe the long-range interfacial forces between 
particles (or particles and surfaces) influenced by electrostatic and van der Waals forces(28). 
It was originally developed assuming smooth and chemically homogenous surfaces(2, 29). 
Interaction energies between particles (or particles and surfaces) can be calculated by 
integrating the net force acting on the particle or surface over distance. They can be used to 
determine if particles will attach to or detach from target surfaces in aqueous systems.  
Surface roughness effectively increases the effective distance between an approaching 
particle and the contact surface(28). The associated decrease in the repulsive electrostatic 
double layer (EDL) force is greater than the decrease in attractive van der Waals forces(22). 
The interaction energy barrier for rough surfaces can be reduced substantially when both 
particle and collector surfaces are negatively charged(21, 30). The presence of surface 
roughness requires specialized approaches for calculation of DLVO interaction energies(21, 
22, 28, 31, 32). 
Two approaches have been used to calculate interactions energies in the presence of surface 
roughness:  surface element integration (SEI)(22, 23) and pairwise summation (PS)(32, 33). 
When the SEI method is used, the particles and the target surface can have arbitrary surface 
morphology features(23, 30, 34). Given an analytical expression (or numerical results) for 
the unit area interaction energy (dU) between two infinite flat plates, the exact interaction 
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energy between an approaching particle and the surface can be determined by integrating dU 
over the entire surface. The SEI method is robust for quantitatively investigating the impacts 
of different surface morphologies over short or long separation distances(31). The SEI 
method can provide good quantification of DLVO forces acting upon surfaces with 
roughness features; however, the method is computationally demanding. 
In the PS method, rough surfaces can be treated as smooth plates covered by spherical 
asperities with smooth surfaces. Total interaction energy is then calculated as the sum of 
energies between the particle and the smooth plate and between the particle and the 
asperities(21, 28). The PS method can provide accurate analytical solutions if the target 
surface has uniform surface chemical potential and the asperities are spread within certain 
distances between each other(28, 35). The PS method is also computationally efficient. The 
PS method was selected for use in the present study because of its prediction accuracy and 
computational efficiency.  
Nano-fabrication was used to create roughness features with simple, uniform geometry as 
depicted in Figure 5-1. The roughness features on the target surface were measured using 
AFM(61). The roughness elements were regarded as spheres with a diameter of ar and were 
assembled vertically on the plate, which was the bottom surface of the chamber. All 
roughness elements were evenly distributed on the surface. The surface to surface distance 
between the roughness elements was s.  
The total interaction energy between an approaching particle and the bottom surface with the 
roughness elements was determined by:  
     ( 5-12 ) 
where is the sum of the van der Waals force ( ) and the EDL force ( ) 
between the particle and surface; is the total interaction energy,  and 
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are  the total VDW/EDL interaction energy accounting for all the contributions from 
roughness elements (21, 36, 37) and the bottom plate. 
5.3.3  Electrostatic double layer force 
To determine the changes in the interaction energy curves after including the impact of the 
surface roughness, the measured roughness size and surface chemical potentials were used in 
the numerical simulation. At the high ionic strength (100 mM KCl) used herein, the inverse 
Debye length (κ), used for estimating how far electrostatic effects persist, is given by 
       (5-13) 
where e is the charge of an electron; i is the ion valence; c is the ion number concentration; 
and are the relative permittivity of vacuum and water, respectively; and T is the 
temperature.  
When 
1
pa

 > 25 ( pa  is particle size), the total EDL interaction energy between the particle 
and the rough surface can be well approximated by the PS method(33). Here, the Debye 
length is small (ranging from 1 to 3 nm) relative to particle size because of the high ionic 
strength of the electrolyte in which the particles were suspended. Thus, the net EDL 
interaction energy was approximated as  
      (5-14 ) 
where represents the EDL interaction energy between the particle and the plate 
surface and  represents the EDL interaction energy between the particle and a given 
roughness element (i) on the surface.   
When the chemical potential between the particle and surface is constant and does not exceed  
-25mV, the linearized Poisson-Boltzmann equation can be used in the electrostatic force 
calculation. The classic Hogg-Healy-Fuerstenau (HHF) expression(29) describes the 
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potential energy of interaction between dissimilar spherical colloidal particles, using the 
linear (Debye-Hückel) approximation for low surface potentials; it was utilized here to 
describe the EDL interaction between the approaching particle and the spherical component 
of the roughness asperities as  
   (5-15 ) 
where  is the EDL interaction between two spheres i and j;  and are the 
respective chemical potentials and H is the dimensionless surface-to-surface distance.  
is calculated by assuming the bottom surface is spherical with diameter much greater than the 
particle size, so 
   (5-16 ) 
5.3.4 van der Waals force 
According to the PS method, the attractive van der Waals force is the sum of VDW 
interaction energies between the particle and all of the surface roughness elements; it is 
formulated as   
     (5-17 ) 
where is the VDW interaction energy between the particle and the bottom surface and 
 is the VDW interaction energy between the particle and a roughness element on the 
surface(28, 32). 
Assuming there is no chemical heterogeneity on the surface and the Hamaker constant 
between the particle and plate surfaces is not changing, the individual un-retarded VDW 
interaction energy between two spheres (an approaching particle and a roughness element) 
can be expressed as 
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 (5-18 ) 
where Rij is the center-to-center distance between the two spheres, and is the Hamaker 
constant between the i
th
 and j
th
 spherical objects. 
The approach for calculating sphere–plate interaction energy is valid for small separation 
distances and was described by Gregory (1981)(38) as  
     (5-19 ) 
Where λ is the characteristic wavelength of electron oscillation. In the system used herein, 
the external forces exerted on the approaching particle included gravity and buoyancy ( ), 
the corresponding shear lift force ( ), the electrostatic double layer force ( ) and the 
van der Waals force ( ). They must be defined to solve the general continuity equation 
(Equation 5-2). As described earlier, is negligible in the present investigation. and
were described above.
 
is described below. 
5.3.5 Gravity 
The net effect of gravitational and buoyancy forces on the suspended particles is defined as  
     ( 5-20 ) 
where ap was the particle diameter, and are the densities of the colloidal particle and 
the fluid, respectively, and g is gravitational acceleration(6). 
5.3.6 Hydrodynamic retardation functions 
Surface roughness reduces hydrodynamic retardation(27, 39) -models of particle deposition 
on rough surfaces must reasonably account for this impact. To do so, hydrodynamic 
retardation functions for smooth surfaces should be first considered and then modified. In the 
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vicinity of a surface, the velocity field of an approaching particle is altered due to the 
hydrodynamic disturbances caused by the surface; in this case, the bounding walls of the 
parallel plate chamber. The dimensionless hydrodynamic retardation functions , 
 and and are used in describing particle velocity (u) from the fluid motion as  
       (5-21 ) 
      (5-22 ) 
where H is the dimensionless surface-to-surface distance(40-43).  
In addition to approaching particle velocity, hydrodynamic retardation functions also affect 
the forces that act upon a particle approaching a surface; these are particularly important to 
consider at short and long separation distances that are relevant to particle attachment and 
detachment respectively. The hydrodynamic retardation functions  and also 
affect the diffusion tensors (D) between the approaching particle and the surface and are 
described as 
      (5-23 ) 
      (5-24 ) 
where is the Stoke-Einstein diffusion coefficient(6, 44).  
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Table 5-1. Analytical solutions for the hydrodynamic retardation functions when the dimensionless 
distance (H) approaches 0 or   
Hydrodynamic  
retardation functions 
When H approaches 0 When H approaches ∞ 
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Calculation of the analytical solution for the hydrodynamic retardation functions over the 
entire simulation domain is computationally intensive for numerical simulation(17, 45). 
Approximations for the analytical solutions for hydrodynamic retardation functions ( ) 
were required for the investigation described herein. They have been approximated for 
particle attachment and detachment scenarios that are associated with dimensionless distance 
approaching 0 or ∞ (Table 5-1); approximations for the entire simulation domain have also 
been suggested(40-42, 46, 47). None of the existing simplified hydrodynamic retardation 
functions is able to precisely match the analytical solution over the entire simulation domain, 
especially at the asymptotic limits (0 and ∞). To overcome this issue, two methods have been 
utilized to simplify the computation: 1) approximation of the hydrodynamic retardation 
function values(13, 48) using fitted parameters and 2) separation of the domain into several 
subdomains and subsequent numerical approximation for each domain(45).   
In the present study, hydrodynamic retardation functions (fi) were calculated as a blend of 
asymptotic solutions described by  
      (5-25 ) 
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where n is a fitting parameter,
 
are the analytical solutions for  when the 
dimensionless distance is approaching 0 and are the analytical solution for  when the 
dimensionless distance is approaching infinity. The determined values of n for  in 
Equation 5-25 are 5, 20, 15 and 10 respectively. These new approximations for fi were used 
over the entire simulation domain. Here,  (Equation 5-25) are reduced to the analytical 
solution when H approaches both asymptotic limits. The new approximated solutions for fi 
obtained using Equation 5-25 were compared to a numerical solution for particle deposition 
on ideal collectors from dilute flowing suspensions from Elimelech’s work (1994)(13) and 
other solutions previously reported in the liaterature(17, 45, 48, 49) (Figures 5-2(a), (b), (c) 
and (d)). The new approximated hydrodynamic retardation functions best fit the exact 
numerical solution with no more than 2% relative difference over the entire simulation 
domain. The maximum relative differences between the other reported solutions and the 
numerical solution over the entire simulation domain were 37.5% for Masliyah and 
Bjattacharjee (2006)(48), 6.8% for Elimelech(1994)(50), and 299.3% for Johnson and 
Tong(2006)(51). The advantages of the simplified hydrodynamic functions used in this study 
are that they 1) are reduced to the analytical solution at the asymptotic limits; 2) match the 
analytical solution with greatest accuracy relative to other reported approximations; 3) are 
appropriate for use with rough surfaces; and 4) are simple and computationally efficient 
relative to other reported approximations. 
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Figure 5-2. Comparison of the new developed and reported hydrodynamic retardation functions f1(H), 
f2(H), f3(H) and f4(H) to the numerical solution reported by Elimelech (1994)(50)  
It should be recalled that all fi were originally developed based on assumptions that an 
approaching particle and target surface are smooth with uniform and homogeneous chemical 
properties. To be relevant to the present investigations, the fi required modification to account 
for the presence of surface roughness, with scaling based on absolute surface roughness size 
and coverage extent(27, 39). The modifications presented here are valid when surface 
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roughness is smaller than approaching particle diameter(52), as in this study. Notably, they 
are applicable to numerous manufacturing, health, and environmental scenarios in which 
inert particles or microbial particles including pathogenic viruses, bacteria, and protozoa may 
be depositing on relatively smooth surfaces such as sand grains with nano-scale.  
When >50% of a surface is rough, it can be regarded as hydrodynamically equivalent to a 
smooth surface (no-slip wall) located at the bottom of the roughness features. The 
hydrodynamic retardation function that now accounts for surface roughness can be described 
by 
'( ) ( ) ( )i i new i new slipf H f H f H r          (5-26 ) 
/slip roughness pr r a       (5-27) 
where H is the dimensionless distance and 
roughnessr  is the absolute height of roughness 
elements, 
pa is particle radius, slipr is the dimensionless slip length due to the presence of 
roughness, ( )if H are the original hydrodynamic retardation functions and i newf  are the 
modified hydrodynamic retardation functions accounting for the presence of surface 
roughness. Maximum hydrodynamic retardation should occur at H = 0 for a smooth surface 
and at H = rslip for a rough surface (as shown in Figure 5-3); of course, these functions should 
also be the same as those for smooth surfaces when = 0.  roughnessr
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Figure 5-3. Impacts of nano-scale roughness on hydrodynamic retardation functions on the left; and the 
corresponding values of hydrodynamic retardation functions due to the original(Smooth surface) and 
modified ‘effective target surface’(Rough surface) on the right 
5.3.7 Particle transport equations and boundary conditions 
The non-dimensional form of the particle transport (i.e., convection-diffusion) equation in a 
Cartesian coordinate system is   
      (5-28 ) 
where 
       (5-29 ) 
      (5-30 ) 
Numerical methods are frequently used to solve Equations 5-28 to 5-30 because of the 
number of variables involved. To simplify these equations and to reduce computation, 
pertinent dimensionless parameters are provided in Table 5-2. 
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Table 5-2. Dimensionless parameters and constants used in the scaled convection-diffusion equation 
Dimensionless parameter Expression 
Scaled surface to surface distance * 1H z   
Scaled particle radius 
* p
p
a
a
b
  
Scaled distance along the flow direction 
* xx
b
  
Scaled vertical distance 
*
p
z
z
a
  
Scaled concentration 
* cc
c
  
Dimensionless Peclet number 3
2
3
2
avg pV a
Pe
b D
  
Diffusion coefficient 
6
b
p
k T
D
a
   
Scaled gravitational force *g p
b
F a
Gr
k T
  
Scaled DLVO force 
*
p
b
ad
DLVO
dy k T

   
 
After the parameters are converted to the dimensionless forms, the particle transport equation 
and the corresponding boundary conditions are expressed as (All the variables are expressed 
in Table 5-2)  
  (5-31 )  
       (5-32 ) 
       (5-33 ) 
¶
¶x*
- f4 h( )a
*2 ¶c
*
¶x*
+Pe h+1( ) 2- h+1( )a*( ) f3 h( )c* + f4 H( )Fx*a*c*
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¶
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      (5-34 ) 
      (5-35 ) 
As shown in Figure 5-4, the inlet (Boundary 1) of the simulation domain was regarded as the 
bulk concentration. Convective flux was used for the outlet (Boundary 4) of the simulation 
domain.  The upper surface (Boundary 3) was treated as the insulating boundary, with no 
particle attachment. In the present study, high ionic strength and associated DLVO forces 
resulted in net attraction between the approaching particles and the bottom surface (Boundary 
2), which was treated as a perfect sink.  
 
Figure 5-4. Schematic of simulation domain and boundary conditions in the parallel plate chamber 
Two approaches for the perfect sink boundary condition on the bottom surface (Boundary 2) 
were utilized. The first approach involved setting the particle concentration to zero when the 
dimensionless vertical distance was zero (c* = 0 when h = 0) (13, 53). The dimensionless 
flux of particles (Sherwood number, Sh) to the bottom surface was calculated at the primary 
interaction energy minimum, which is usually defined at a cut-off dimensionless distance by 
(δ), avoiding numerical singularity. It is described by 
0
*
*



z
c
3Boundary
*( ) 0n c   4Boundary
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   at   (5-36 ) 
where zj is the dimensionless deposition flux on z direction, c is the bulk concentration, 
*
zF
is the scaled force in the z direction. Here, Equation 5-36 accounted for the effect of all 
external forces including the VDW force, the EDL force and gravity acting upon the 
approaching particle. 
The second approach utilized for the perfect sink boundary condition was to presume that the 
particle concentration was zero at the primary interaction energy minimum (c* = 0 when h = 
δ)(6). The dimensionless flux of particles (Sh) to the bottom surface was then calculated by 
    at   (5-37) 
The overall flux of particles to the surface in the x direction (flow direction) over distance 
was calculated as the average Sherwood number ( Sh ) described by 
     at   (5-38 ) 
5.3.8 Numerical methodology 
The numerical solution of the Convective-Diffusion Equation with four boundary conditions 
was solved using the finite element method (FEM) in the commercial simulator COMSOL
®
 
3.5a (COMSOL, Inc., Canada). Exponentially distributed quadrilateral meshes were utilized 
to discretize the computational domain.  Highly refined meshes were used for regions with a 
high concentration gradient or a large tensor of applied forces. The interfacial interactions 
caused by DLVO forces and the hydrodynamic retardation functions changed substantially 
near the bottom surface; therefore, a sub-region (Domain 1) close to the bottom surface was 
defined with a large number of mesh elements (250 x 600). The total number of the mesh 
elements employed in the simulations was 330,000; 150,000 of which were exponentially 
mapped within Domain 1. The size of the smallest mesh in Domain 1 was 10
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dimensionless height, a value three orders of magnitude smaller than the Debye length at the 
ionic strength used this study. This enabled accurate determination of any flux change due to 
the high concentration gradient or large force tensor in the vicinity of the bottom surface. 
Dirichlet boundary conditions were applied to Domains 1 and 2. On Boundary 1, the 
Heaviside step function was applied to avoid numerical error associated with infinity in the 
left corner (0, 0) of Domain 1. To implement the second setting for the perfect sink boundary 
condition (Equation 37), the initial point of simulation domain in COMSOL
®
 was moved 
from (0,0) to the location of the primary interaction energy at (δ,0).  
5.3.9 Analytical solution 
To validate the numerical solution obtained by simulation, solutions developed herein were 
compared to analytical solutions. The analytical solution for dimensionless local mass 
transfer can be expressed as 
1/31 2( )
(4 / 3) 9 *
Pe
Sh
x


        (5-39 ) 
where 
3
2
3
2
m pV a
Pe
b D
 is the dimensionless Peclet number, a is the particle radius, b is the half 
channel height, is the diffusion coefficient, v is the flow rate, x*= x/b, x is the distance to 
the inlet in the parallel plate chamber(6). To implement the proper settings in COMSOL
® 
to 
obtain the analytical solution, all of the external forces applied on the particle other than 
Brownian motion were “turned off ” (set to 0) and  were set to 1.0. The simulation 
domain was set to the dimensions of the parallel plate chamber: 4cm x 1cm x 125μm (length 
x width x height)(61).  Five sizes of particles (diameter) of 0.125, 0.25, 0.5, 0.915 and 
1.765μm) were injected to the parallel plate chamber at a flow rate of 10 μl/min during the 
simulation, yielding a loading rate of 6.67x10
-5
 m/s.  Mass balance in the simulation domain 
was checked for each experiment by integrating flux over the entire domain.  
Deposition of representative particles on the bottom surface (Sh) was plotted over 
dimensionless distance  ̅ (Figure 5-5) in which the filled symbols represent the analytical 
D
1 4f 
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solution and the open symbols are the numerical solutions. The inserted figure shows the 
dependence of average Sh number on Pe, where the circles represent numerical solutions and 
the solid triangles represent calculated analytical solutions. Mass recoveries within the 
simulation domain were close to 100%, suggesting no mass loss due to meshing or the 
applied boundary conditions. The numerical solutions obtained using the model developed 
herein were in excellent agreement with the analytical solutions for all conditions 
investigated (Figure 5-5). 
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Figure 5-5. Comparison of developed numerical solution with analytical solution(6) 
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5.4 Results and Discussion 
5.4.1 Impacts of roughness on DLVO interaction energies 
The functions used to calculate DLVO interaction energy in this study were first validated by 
comparing simulation results when the roughness was set to zero to published data(54). The 
calculated DLVO interaction energy as a function of separation distance was plotted 
(Appendix D). The calculated data in the present study and the reported data had excellent 
agreement, validating the numerical methods and applied formulae for DLVO interaction 
energy that were used herein.  
To simulate DLVO interaction energy in the presence of surface roughness, the surface was 
characterized by the roughness features of roughness elements radius (ar) and distance 
between each individual roughness elements (s). The roughness parameter values and 
chemical potentials between the particles and surface are listed in Table 5-3. The DLVO 
interaction energies at the primary energy minimum (δ = 1 nm) are depicted for different 
particle and roughness sizes in Figure 5-6. The data in this figure demonstrate that with 
increasing roughness, the absolute value of DLVO interaction energy decreased, reached a 
minimum and then increased. This is because as roughness increased, the impact of the 
bottom surface on the particle  decreased and the impact of the roughness elements on the 
particle increased. These results are consistent with those of Henry et al. (2011) for 
negatively charged particles and surfaces(21) and Jin and Emelko (2014) who conducted 
column tests and suggested non-linearity of surface roughness impacts on particle 
deposition(60). Here, a “critical roughness size” was associated with the minimial interaction 
energies. Although the critical roughness size was different for particles of different sizes, it 
was still observed for all particle sizes (Figure 5-6).  
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Table 5-3. physical and chemical characteristics of slide surfaces with different roughness size 
Target roughness ar s Ra Rq Chemical potential 
(nm) (nm) (nm) (nm) 
Mean±Std.Dev. 
(nm) 
Mean±Std.Dev. 
(mV) 
Mean±Std.Dev. 
10 1.5 50 4.2±0.5 5.6±0.56 -18.3±3.5 
20 3.5 800 1.9±0.2 2.8±0.3 -21.5±6.7 
50 9 800 10.6±1.8 14.6±1.8 -16.2±5.1 
100 16 400 30.3±2.9 35.9±3.3 -14.9±5.8 
200 30 800 53.5±7.6 65±6.4 -13.6±7.4 
400 50 2000 60.7±9.1 81.4±7.8 -15.3±5.2 
 
 
Figure 5-6. Measured surface roughness Ra and Rq and corresponding DLVO interaction energy for three 
particle sizes (0.55, 0.985 and 1.765 μm) 
All of the calcualted interaction energies were negative and without the presence of energy 
barriers. The net DLVO force on the particle, the derivative of the interaction energy over the 
distance(13), was positive in all cases during the present investigation, indicating net 
attraction between the approaching particle and the target surface. According to classic 
DLVO theory, greater attractive forces lead to higher particle deposition flux(5), which is 
what was observed experimentally(61).  
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5.4.2 Impact of roughness on flow field profile 
In Figure 5-7(a), particle deposition (Sh) for different slip lengths (rslip) (calculated with the 
corresponding analytical solutions) was plotted over the dimensionless distance in the 
direction of flow. Although introducing the slip length increased the flow velocity on the top 
of the roughness elements, deposition flux was not changed substantially. As a result, 
significant differences in deposition were not observed between the different slip lengths 
utilized herein (Figure 5-7(a)).  
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Figure 5-7. a) Particle deposition fluxes for different flow fields associated with different slip-lengths 
(particle size 1.0 μm, Pe=0.1, Gr=0;  b) Particle deposition flux calculated using the analytical solution 
and numerical simulations with different slip-lengths associated with changes in hydrodynamic 
retardation functions (particle size 1.0 μm, Pe=0.1, and Gr=0. 
5.4.3 Effect of roughness on hydrodynamic retardation functions 
To account for surface roughness impacts on the hydrodynamic retardation functions, a 
hydrodynamically equivalent plane on the bottom of the roughness elements was used as the 
effective target surface. For a selected particle size of 1.0 μm, the calculated Peclet number 
was 0.1. Dimensionless slip lengths were set at 0.001, 0.01, 0.1 and 1. The effect of the 
hydrodynamic retardation functions was evaluated with exclusion of DLVO interaction and 
gravity by setting the Hamaker constant, chemical potential and gravity effect on the particles 
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to zero. Flow streamlines were not affected because the employed roughness sizes were 
smaller than the particle radius. Particle deposition (Sh) was calculated for different slip 
lengths and plotted against the dimensionless distance in the direction of flow (Figure 5-7(b)); 
consistent with the analytical solution, these simulations demonstrated exponential decay in 
particle deposition (Sh) with the increasing dimensionless distance (x
*
). The smaller 
dimensionless slip length (rslip) associated with very small roughness size (<1nm) led to the 
lowest particle deposition flux on the bottom surface because of a substantial retardation 
effect. Larger slip-lengths (larger roughness sizes) caused less hydrodynamic retardation and 
resulted in more particle deposition flux on the bottom surface. The highest level of particle 
deposition flux (Sh) observed from the investigated numerical simulations was observed 
when rslip was equal to 1. This particle deposition profile was also very similar to that 
obtained with the analytical solution, thereby indicting that the hydrodynamic retardation 
effect became insignificant when the approaching particle was at a distance further than one 
particle radius from the contact surface.  
Here, particle deposition flux was more sensitive to the smaller (0.001μm) roughness features 
as compared to larger ones (1μm). When the slip length increased from 0.001 (essentially 
smooth surface) to 0.01 and then 0.1 (rough surface), particle deposition flux (Sh) increased 
by 11.2% and 23.8% respectively (at a corresponding x
*
 of 100). In contrast, particle 
deposition flux only increased by 15% when the slip length increased from 0.1 to 1.0, which 
demonstrates that it was less sensitive to changes in slip length (rslip) at values above 0.1. 
Based on the observations above, it can be concluded that when the roughness size was 
smaller than particle radius, increased roughness size led to more particle flux to the bottom 
surface, though the relative increase in particle deposition is non-linear, non-monotonic with 
respect to roughness size. 
5.4.4 Effect of gravity on particle deposition 
The gravity effect is related to particle size and the difference in density between a particle 
and the solution in which it is suspended. The effect of gravity was included in the 
Convection-Diffusion equation. It was represented by the dimensionless number Gr. In 
 177 
studies of deposition phenomena, colloidal particles with densities close to that of water are 
commonly selected(55-58). The influence of gravity on these particles is often considered to 
be small, particularly for particles smaller than 1.0 μm; accordingly, to simplify model 
simulation, the gravity effect is sometimes ignored. Gravity was found to substantially 
impact particle deposition in the present investigation(44); however, and ignoring it would 
lead to erroneous outcomes.  
The density of the colloidal particles used in the associated experiments was 1.045 ± 
0.005g/mL. To evaluate the effect of gravity on particle deposition and to better match the 
experimental data with the developed numerical solutions, three values of particle density 
(1.04, 1.045 and 1.05 g/ml) were utilized in calculating Gr. The effect of the associated 
different Gr values was demonstrated by the simulations using particles of 0.55 and 1.765 
μm that were expected to be the particle sizes the least and most impacted by gravity during 
our associated experimental investigation(61). 
Figure 5-8 (a) and 8 (b) show the effect of different Gr on the deposition flux of particles 
with radius of 0.55 and 1.765 μm, respectively. The deposition fluxes of the particles with a 
diameter of 0.55 μm were similar when different density values were used (Figure 5-8 (a)). In 
contrast, and as was expected, the deposition fluxes of 1.765 μm particles increased with 
increased particle density (Figure 5-8 (b)). 
The 0.55 and 1.765 μm particle concentration distributions in the vertical (y) direction above 
the representative point of x
*
=100 (along the centerline of the domain) were plotted in 
Figures 5-8(c) and (d), respectively. In the Figure 5-8(c), the dimensionless 0.55μm particle 
concentration decreased from 1.0 in the bulk solution to 0 on the bottom surface along the 
centerline, without any particle accumulation resulting in concentrations greater than the bulk 
concentration. The deposition of 0.55μm particles was dominated by diffusion, so relatively 
small changes in density did not impact the deposition flux significantly. 
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Figure 5-8. Deposition flux of particles with different density (0.04, 0.045 and 0.05 g/ml) along 
dimensionless distance in the chamber a) for 0.55 µm particles; and b) 1.765 µm particles. Dimensionless 
particle distribution along the vertical distance from the bottom surface in the center line of the parallel 
plate chamber, x=100 in the simulation domain c) for 0.55 µm particles; and d) for 1.765 µm particles. 
In contrast, the different densities significantly influenced the deposition flux of the larger 
(1.765μm) particles. Specifically, the flux increased by 13.04 % and 25.97% when the 
density was increased from 1.040 to 1.045 and to 1.050 g/mL, respectively. Along the 
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centerline, the dimensionless particle concentration increased from 1.0 to ~3.6 and then 
decreased to 0 on the bottom surface. Colloidal particles accumulated above the bottom 
surface due to gravity. As would be expected, larger values of Gr resulted in more particle 
accumulation during the simulations. Between the particle accumulation zone and the bottom 
surface, dynamic equilibrium was achieved between diffusion and gravity.     
As expected, the effect of gravity on particle deposition increased with increasing particle 
size, with minimal impact on the particles whose transport is dominated by diffusion (e.g., 
0.55μm). Gravity had more effect on the larger particles and deposition flux was sensitive to 
small differences in particle density (e.g., 0.005 g/ml). These analyses underscore that gravity 
effects should not necessarily be ignored when modeling particle deposition and therefore, 
precisely measured particle size and density data can be critical to ensuring that numerical 
simulations such as the one developed herein can adequately describe experimental 
observations. 
5.4.5 Perfect sink boundary condition 
Here, a perfect sink boundary condition was applied to the bottom surface. Therefore, it was 
assumed that particles migrate to the primary energy minimum where they particle were 
regarded as attached to the target surface and simultaneously removed from the simulation 
domain(13). Identifying the primary energy minimum location/distance is important for the 
particle flux calculation when using the Convective-Diffusion Equation(5, 19) It determines 
where the perfect sink boundary conditions should be implemented(6). A distance of 1 nm 
above the target surface has been commonly selected as the primary energy minimum 
distance(13, 59); however, the location of the primary energy minimum can be extended to 
100nm or more depending on the chemical potential of both the target surface and colloids, 
surface morphology, hydrodynamic conditions, etc(5). The area between the primary energy 
minimum distance and the surface (i.e., the area under the impact of short range forces) was 
not investigated herein. 
Two methods to implement the perfect sink boundary condition were introduced in the 
numerical methodology section. The two methods were examined in this study to find an 
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optimal approach for implementing the perfect sink boundary condition. Particles with radius 
of 1.0 μm were evaluated. As well, the target surface was assumed to be smooth without any 
roughness features. The corresponding Pe number was 0.1 and the Gr was set as 0. Different 
locations of the primary interaction energy minimum were examined, including fixed 
distances of 0.1,1, 10, 100 and 1000 nm from the target surface. To ensure reasonable 
simulation accuracy, extensive meshing was applied. 
The simulated dimensionless flux along the flow direction using different δ is shown in 
Figure 5-9. Figure 5-9 (a) presents the simulated particle flux obtained using Equation 5-37 
whereas Figure 5-9 (b) presents the simulated flux using Equation 5-36. When the perfect 
sink condition was set by Equation 5-37, the simulations indicated increased particle 
deposition flux with increases in δ. In contrast, the simulated flux rarely changed when δ was 
increased from 0.1 to 1000 nm when Equation 5-36 was used to set the boundary condition.   
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Figure 5-9. Deposition flux due to different methods for the prefect sink boundary condition a) 
Adamczyk and Van der ven (1981) boundary condition(6), and b) Elimelech (1994) boundary 
condition(50). In both cases the selected particle size:1.0 μm, Pe=0.1, and  Gr=0. 
Mass recoveries using the two methods were also examined. The mass recoveries obtained 
using Equation 5-37 were greater than 0.99, which satisfied the mass conservation law. To 
implement  the Equation 5-37, the starting point of the simulation domain was moved to the 
corresponding δ, where the greatest DLVO force was exerted upon the particle (when H = δ). 
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Although the calculated DLVO force could be much larger than Brownian motion under 
certain circumstances, it still had a finite value. In contrast, mass was not conserved when 
Equation 5-36 was used. As the zero concentration plane was set at H = 0, the calculated 
DLVO force approached negative infinity when the dimensionless distance H approached 
zero. With the limited number of mesh elements, the infinite force tensor could not be 
simulated and the accuracy of the numerical method could not be ensured when H 
approached zero. Therefore, because of good mass recovery and sensitivity to the primary 
minimum energy location, Equation 5-37 was selected for use herein to implement the 
perfect sink boundary conditions.  
5.4.6 Summary of nano-scale roughness impacts on particle flux to surfaces 
When nano-scale surface roughness was present on the target surface, the calculated DLVO 
interaction energy curve, the flow field profiles, and the hydrodynamic retardation functions 
required modification as discussed above. The effect of the three factors was assessed 
individually by model simulations and can be summarized as:  
1) In the presence of the nano-scale surface roughness, both the bottom surface and the 
roughness element interacted with the particle. Increasing the roughness size (from 0 to the 
particle radius) resulted in decreased DLVO interaction energy at first, then it reached a 
minimum point, and then it increased. The minimum value of the DLVO interaction energy 
was achieved at a “critical roughness size”;  
2) The presence of surface roughness changed the flow field; however, for the loading rate 
used in the present experiments, the changes in flow field did not cause significant changes in 
the particle deposition flux; 
3) When surface roughness coverage exceeds 50%, the slip length should be included in the 
hydrodynamic retardation functions. The slip length is directly proportional to roughness size. 
Slip length and hydrodynamic retardation were inversely related, so larger slip lengths led to 
greater particle deposition flux. Particle deposition flux varied more when slip length was 
small (small roughness). It became less sensitive to the change of the slip length when the 
roughness was close to the particle radius in size; 
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4) In addition to the factors modified to incorporate the effect of nano-scale roughness into 
the model, two factors that are independent of surface roughness, gravity and the perfect sink 
boundary condition, were also important. Often regarded as negligible, the gravity effect 
significantly impacted particle deposition flux, especially that of large particles. Relatively 
small variations in particle density could also cause significant changes in the deposition flux 
of particles greater than 1.0 μm in size; 
5) The perfect sink boundary condition was set using the approach of Adamczyk and Van der 
ven(1981) (Equation 5-37) because setting (δ, 0) as the initial point of the simulation domain 
instead of (0, 0) enabled excellent mass conservation and also could reflect the flux change 
due to different values of primary energy minimum locations; and 
6) The model developed herein was able to describe the deposition behavior of particles on 
rough surfaces under the combined influence of DLVO forces, hydrodynamic retardation and 
gravity. It was able to demonstrate changes in the deposition flux in association with changes 
in surface roughness, including the minimum deposition flux at a critical roughness size that 
was observed in the experiments. When the roughness size was smaller than the critical size, 
increasing roughness resulted in decreased deposition flux because the particles were 
influenced by the relatively high hydrodynamic retardation effect and a decreasing DLVO 
interaction. When the roughness size was larger than the critical size, the increase of the 
roughness enhanced the deposition process because of reduced hydrodynamic retardation and 
an increasing DLVO interaction energy. 
5.4.7 Comparison between the numerical solution and experimental data 
The simulation results using the model developed in this study were compared to 
experimental data. Three sets of experimental results were selected for each particle size: 
patterned slides with nano-scale roughness of 10 and 400 nm were selected as the two 
extreme conditions (smoothest and roughest). The slide with a roughness size generating the 
minimum deposition flux for each particle size was selected and the specific roughness size 
was regarded as the critical roughness size (for the corresponding particle size). The critical 
roughness size changed with particle size. The deposition flux data monitored between 0.5 
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cm and 2.5 cm along the flow direction on the plate were utilized, thereby excluding entrance 
disturbance effects and cumulative gravity effects in the parallel plate chamber. The zeta 
potential, particle size, temperature, loading rate, and roughness features measured in the 
experiments were used for the model calculations.  
Figure 5-10 (a), (b), and (c) show the dimensionless particle flux (Shexp and Shnum) along the 
dimensionless distance (from 0.5 to 2.5 cm). The solid circles with the error bars represent 
the experimental data and the open circles represent the simulated results. The developed 
model was able to simulate the experimental results obtained at favorable conditions for 
deposition (i.e., high ionic strength) with the best-fitted primary energy minimum distance δ 
in the presence of the nano-scale surface roughness. Modifications to the Convection-
Diffusion Equation that incorporated the effect of surface roughness on the flow field, 
hydrodynamic retardation functions, and DLVO forces were validated. The model was able 
to describe the changes in particle deposition flux caused by changes in surface roughness. 
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Figure 5-10. Comparisons between the experimental data and simulated numerical solution with best-
fitted δ for the prefect sink boundary condition. The selected particle sizes were a) 0.5 µm, b) 1.0µm, and 
c) 1.83 µm. 
The best-fitted δ values were used due to the difficulty in pre-determining the exact primary 
energy minimum location because it would require a comprehensive analysis including the 
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short-range forces, hydrophobicity and chemical heterogeneity etc. and was not the focus of 
current study. At present there are no quantitative studies that describe the comprehensive 
effect of long and short range forces between colloidal particles and the contact surface. 
Therefore, only long-range forces such as van der Waals, EDL and hydrodynamic forces 
were included in the model developed herein. However, the trend of δ changing with the 
roughness size could be deduced. Given the variation of the DLVO interaction energy with 
the roughness size, the DLVO interaction would reach the minimum value at the critical 
roughness size. If a fixed magnitude of attractive force were required to remove the particles 
from the bulk solution, the perfect sink boundary would be less distant from the surface to 
obtain the same level of attractive force. Therefore, a smaller value of δ should be used in the 
simulations for the critical roughness size. For example, for the 0.55μm particles, the best-
fitted δ for the roughness size of 10, 50 and 400 nm were 1, 0.25 and 1, respectively. 
5.5 Conclusions 
The numerical solutions presented herein show excellent agreement with the experimental 
results obtained in previous study(Jin et al, 2014) using the best-fitted δ(61). This study also 
validated the effectiveness of modifications to the flow field, the hydrodynamic retardation 
functions, and the calculated DLVO forces to incorporate the effect of the nano-scale surface 
roughness on particle deposition. The importance of the gravity effect was demonstrated, 
underscoring the importance of including precise measurements of particle size and density 
in modeling simulations. It was also demonstrated that the location of the perfect sink 
boundary was critical to the numerical results. Research on short-range forces is needed to 
pre-determine δ for the prefect sink boundary. The next stage of this going-on study is to 
apply the developed mathematical framework to granular media filtration modeling as a 
numerical methodology including a quantitative description of the roughness effect is still 
unavailable.  
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Chapter 6 
Modeling particle deposition on rough spherical collectors in 
absence of an energy barrier 
6.1  Overview  
A mathematical framework for describing particle deposition on spherical collector surfaces 
with nano-scale roughness in absence of an energy barrier was developed. In comparison to 
available models of physico-chemical filtration of colloidal particles, the present model 
incorporates recently developed numerical approaches that provide improved description of 
flow field profile, hydrodynamic retardation, and DLVO forces. The influence of each of 
these contributions to particle deposition on rough spherical collector surfaces was 
quantitatively evaluated. The impacts of particle size, particle loading rate (i.e., approach 
velocity), and background electrolyte solution ionic strength on particle deposition were 
evaluated at several roughness sizes. A non-linear, non-monotonic impact of surface 
roughness on particle deposition has been demonstrated. Here, that relationship was further 
explored and it is demonstrated that the non-linear, non-monotonic impact of nano-scale 
roughness on collector surfaces roughness on particle deposition is consistently observed, 
regardless of particle size, particle loading rate, and background electrolyte solution ionic 
strength. The relative magnitude of this impact depended on the combination of operational 
parameters, as would be expected. This work demonstrates that incorporation of surface 
roughness into the Convection-Diffusion equation, with accurate representation of its 
associated impacts on the flow field, hydrodynamic retardation, and DLVO forces can 
contribute to better, more realistic description of particle deposition during physico-chemical 
filtration in porous media and other systems with non-smooth collector surfaces. When 
determining the particle size associated with the minimum deposition in a granular media 
filtration system, not only should particle size be considered (as it is in most contemporary 
modeling approaches), but roughness attributes such as roughness size and distribution also 
should be taken into the consideration. Without a doubt, where applicable, these 
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considerations may contribute to explaining discrepancies between model-based expectations 
and experimental outcomes. 
6.2 Introduction 
Over the past three decades, tremendous research effort has focused on improved 
understanding of colloidal and nano-particle transport and deposition phenomena in a variety 
of natural and industrial environments (1-5). Particle deposition on target (or collector) 
surfaces can be numerically described by Eulerian or Lagrangian methods assuming the 
collectors have ideal geometries such as spheres (6), cylinders (7), rotation disks (8), or 
parallel plates (7, 9, 10). To model particle deposition behavior on collector surfaces within 
the framework of classic DLVO theory, the sum of van der Waals forces (VDW) and 
electrostatic double layer forces (EDL), and the physical and chemical interactions between 
the particle and collector surfaces have been described and applied to experimental scenarios 
with moderate success, which typically has depended on how well the experimental scenarios 
met the fundamental assumptions of the models (6, 11, 12).  
Classic filtration theory can provide reasonable prediction of particle deposition on smooth 
surfaces when the particle and collector surface are oppositely charged (13); however, in 
many cases, model predictions have failed to describe experimental observations. Significant 
discrepancies between theoretical predictions and experimental outcomes have been reported 
when particles and collectors are similarly charged and a large interaction energy barrier is 
present (6, 14-16). In contrast to theoretical models that predict a sharp decrease in particle 
deposition flux when ionic strength is below a certain critical concentration (6, 17, 18), 
experimental investigations have frequently demonstrated gradually decreasing particle 
deposition flux with decreasing background electrolyte solution ionic strength (6). Often, the 
predicted particle deposition flux at low ionic strength was several orders of magnitude lower 
than that actually observed experimentally (19-22). As a result, fitting parameters such as 
attachment efficiency (α) have been introduced to describe experimental results when limited 
theoretical explanation is available from current theory (1, 23). Existing filtration theory is 
un-realistically sensitive to changes in ionic strength and chemical potential, thereby 
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rendering many model predictions of particle deposition flux inappropriate as they are too 
strongly influenced by the shape and magnitude of particle-surface interaction energy 
profiles.  
It has been suggested that the discrepancies in particle deposition between theoretical 
predictions and experimental outcomes can be explained by considerations of a) roughness 
on particle and collector surfaces (6); b) chemical charge heterogeneity (24, 25) and 
deposition due to the secondary energy minima (26, 27); c) hydrophobicity (28, 29) and short 
range forces(30, 31); and d) physical mechanisms, such as straining (32, 33), wedging(16), 
and blocking(14, 34). Regardless of the exact factors that contribute to these discrepancies, a 
critical consideration is that some of the original assumptions (e.g., smooth collector 
surfaces) on which many of traditional and current models of particle deposition are based 
are not realistic for most natural and engineered applications. Improvements in the 
understanding of surface chemistry effects such as chemical heterogeneity, secondary energy 
minimum, and hydrophobicity and associated modifications to particle deposition models 
have helped to explain the discrepancies between model predictions and experimental 
observations (5, 35); however, in many cases the discrepancies are still substantial and 
preclude the use of these modeling approaches in practice.  
Several studies have recently reported that collector surface roughness features are able to 
significantly alter the shape and magnitude of particle-surface interaction energy profiles (30, 
31, 36-38, 70). Enhanced particle deposition due to collector surface roughness has been 
frequently reported (10, 39-41). Decreased particle deposition regarding the presence of 
surface roughness has also been reported in a few cases (42-44). Despite this experimental 
evidence, a mathematical framework for describing the presence of surface roughness and 
comprehensively quantifying its contributions to particle deposition in spherical geometry (as 
is required for packed bed applications) is currently lacking (11, 12, 23), thereby precluding 
effective application of particle deposition models to many natural and engineered systems in 
which surface roughness is ubiquitous (5, 13, 16, 16, 19, 32). 
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In this paper, a mathematical model was developed using an Eulerian approach to describe 
particle deposition on spherical collectors with nano-scale surface roughness in absence of an 
energy barrier (i.e., at favorable conditions for particle deposition). Clean bed filtration 
conditions were assumed; accordingly, particle-particle interactions and blocking effects 
were considered negligible (68-70). The classic Happel sphere-in-cell model was used to 
describe the flow field profile around the collector. In comparison to available models of 
physico-chemical filtration of colloidal particles, the present model incorporates recently 
implemented and developed numerical approaches that provide improved description of the 
flow field profile, hydrodynamic retardation, and DLVO forces (Jin et al,2014 of two). The 
influence of each these contributions to particle deposition on rough spherical collector 
surfaces was quantitatively evaluated. Several scenarios were simulated using the developed 
model to demonstrate the impact of particle size, particle loading rate (i.e., approach 
velocity), and background electrolyte solution ionic strength on particle deposition at several 
roughness sizes. 
6.3 Model development 
System geometry will affect the flow field and force balance acting upon a particle 
approaching a collector surface. Accordingly, modeling particle deposition in porous media 
systems, such as granular media filtration processes and the subsurface transport requires 
description of particle deposition on spherical collector surfaces. Modeling the deposition 
flux on spherical collectors with roughness requires description of not only roughness size, 
but also roughness distribution on the surface. Detailed representation of surface roughness 
topography can be achieved with Fourier transform (45) or fractal analysis (46) approaches; 
however, integration of these approaches with Convective-Diffusion models becomes 
exceedingly computationally intensive. As a result, simplifying assumptions for reasonable 
representation of collector surface roughness are desirable. In the following sections, a 
simplified geometric representation of surface roughness on spherical collectors was 
developed and previously reported numerical approaches that provided improved description 
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of the flow field profile, hydrodynamic retardation, and DLVO forces in parallel plates 
systems (Jin et al,2014) were modified and applied for packed bed systems(69,70). 
6.3.1 Simplified geometric representation of collector surface roughness 
A previously described approach for describing collector surface roughness is utilized in this 
investigation (Jin et al,2014)(69,70). Briefly, rough surfaces were described as a smooth 
bottom surface with protruding roughness features represented by three stacked spheres with 
radius ar.  The roughness elements were uniformly distributed on the collector surface with a 
distance of s between elements; they covered more than 50% of the collector surface. The 
absolute size of the roughness elements (6ar) was assumed to be smaller than the diameter of 
any approaching particle (i.e., “nano-scale roughness”).  
 
Figure 6-1. General schematic of spherical collector surface roughness (“rough sphere”) 
6.3.2 Mass transfer in spherical geometry.  
At steady state and in absence of chemical reactions, the general convection-diffusion 
equation for particle mass transfer due to diffusion, convection and external forces can be 
expressed as  
   C D C C
kT
 
     
 
D F
u    (6-1) 
 196 
where T is the absolute temperature, bk is Boltzmann’s constant, c is the particle 
concentration, D is the diffusion tensor, and F represents external forces that can act as 
sources or sinks of momentum. Equation 6-1 can be solved numerically when the flow 
velocity field, diffusion tensor and external forces are known. In spherical geometry, the full 
expression of Convective-Diffusion equation is described as  
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(6-2) 
A list of the non-dimensional parameters used in Equation 6-2 and adapted from Jin et al. 
(2014) is provided in Table A-2(69,70). To solve Equation 6-2 numerically, the implemented 
boundary conditions were 
  0, 0C H         (6-3) 
 ( ~, ) 1C H          (6-4) 
0( ) 0
c






       (6-5) 
When the Peclet number was small (Pe < 0.1), the implemented boundary condition were 
0   ,?
0 0.5
r r
C
v C D UC cos at r b
r
  

     

   (6-6) 
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To avoid the continuity issue for numerical simulation, the new boundary condition over the 
entire out boundary was described as  
 0
0.5 0.5
lim lim 0
r
C U
C C cos
r D   

 
 
   
  
    (6-8) 
 
The complete form of the convective-diffusion equation derived from first principals 
(Appendix D) was utilized to describe particle deposition in the present investigation 
(Appendix D). In contrast to other versions (Elimelech et al. 1998) (17) commonly utilized as 
a foundation for modeling particle and microorganism deposition on porous media (13, 23, 
47-49), Equation 6-2 included three extra terms in red font  
2
2
4 2R
c
N f H



 , 
 2 4R
c
N f H cot



 and 
  *1 Gf H F cos
H


that were assumed negligible (17). In the present 
work, the first two terms were included in the simulation for completeness. The third term 
was equal to zero and was thus removed from the simulation. 
6.3.3 Particle deposition flux 
When the dimensionless particle concentration is determined using Equations 6-2 to 6-8, the 
particle flux perpendicular to the collector surface  * ,J H  can be calculated at a cut off 
distance δ by implementing the perfect sink boundary condition. The overall particle 
deposition flux perpendicular to the collector surface can be integrated over the entire surface 
(0-2π) to evaluate the total rate of particle contact with a single collector (I) (Appendix D). 
Normalized by the rate of particle flow toward the projected area of the collector, the overall 
contact efficiency or single collector efficiency (𝜂) is defined as  
2
c
I
a Uc



      ( 6-9) 
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When diffusion is the dominant mechanism of particle transport to the collector surface, the 
single collector efficiency can be described analytically (13)  as  
1/3 2/34.0* ( )
2
D s
c
D
A
Ua
       ( 6-10) 
where As is a porosity-dependent parameter which was same as defined functions in Tien 
2001’ work(50) . 
6.3.4 Flow field 
In granular media filtration, packed beds are generally regarded as comprised of perfectly 
smooth spheres assembled by a simple cubic packing scheme (13). According to Happel’s 
sphere-in-cell model, the collectors are assumed to be enveloped by a shell of fluid (13, 51) 
of thickness (b), which is related to the overall porosity (ε) of the packed bed (52) and 
described by  
1
3(1 )cb a         (6-11 ) 
where ca  is the collector radius.  
In the present investigation, the previously developed functions for flow field (50) were 
utilized to represent the flow field velocity profile under the assumptions of a) creeping flow 
of an incompressible fluid at steady state and b) no-slip boundary conditions with smooth 
surface. It should be noted that the stream function (Appendix D) is only valid within the 
envelope of Happel’s sphere cell with thickness (b) described by Equation 6-11. 
When collector surfaces are rough, traditional application of the no-slip boundary condition 
to the top of collector surfaces is inappropriate (53, 54,70). As detailed in Jin et al., 
2014(69,70), when the size of surface roughness features is less than the approaching particle 
radius and the extent of surface coverage with roughness elements exceeds 50%, a no-slip 
boundary condition can be applied at the bottom of the roughness elements (7) and the 
modified flow field reflecting the presence of surface roughness can be approximated by slip-
length (i.e., dimensionless roughness size) on top of the roughness elements (55, 56). Here, 
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the original assumptions implicit to Happel’s sphere-in-cell model were not changed; 
however, the thickness of the fluid shell around the collector was scaled down by the size of 
the roughness elements. This enabled the use of dimensionless slip-length (rslip) to describe 
the flow field velocity component on top of the roughness elements as 
'( ) ( )slipV r V r r         (6-12) 
slip Roughness particler r r       (6-13) 
where the '( )V r was the modified radial velocity component. When Roughnessr was equal to 
zero, indicating no roughness on the collector surface, the velocity component was equal to 
that of a smooth surface. 
To quantitatively evaluate the change in particle deposition due to the changed flow field in 
the presence of the surface roughness, the DLVO interaction ( DLVO
TotalU ) and gravity 
components of the model were set to zero during these simulations. The hydrodynamic 
retardation functions for smooth collector surfaces were used and a particle loading rate of 
10
-3
 m/s was applied. The particle and collector radii were 200 nm and 200 μm, respectively. 
The porosity of the packed media calculated from the Happel’s sphere-in-cell approximation 
for the flow field profile was 0.38. Dimensionless slip lengths of 0 to 1.0 were used to reflect 
the different roughness sizes. 
6.3.5 Hydrodynamic retardation functions 
Surface roughness reduces hydrodynamic retardation; therefore, the associated descriptive 
functions must be appropriately modified (55, 57). Analogous to the concept of the slip-
length modification for the flow field, slip-length can also be used in describing the influence 
of surface roughness on hydrodynamic retardation. Proposed by Vinogradova and Belyaev 
(2011)(57), a hydrodynamically equivalent plane between the top and bottom of the 
roughness elements can be assumed as the new target surface for the calculation of the 
effective hydrodynamic retardation functions. The effectiveness of the slip-length for rough 
surfaces was validated using high-speed dynamic AFM (57). Slip-length was also utilized for 
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describing surface roughness in a parallel plate experimental system (Jin et al., 2014) and it 
was found that the numerical solutions had good agreement to the experimental results (Jin et 
al., 2014)(69,70). Here, slip-length was also utilized to describe changes in the hydrodynamic 
retardation functions due to the presence of surface roughness.  
The classic hydrodynamic retardation functions and the slip-length modifications for rough 
surfaces were developed on a planar surface for laminar flow without considering curvature 
(58-61). In spherical geometry, the functions are still valid because of the relative size 
between the approaching particle and collector. For 0.1-10 µm colloidal particles collectors 
and spherical collectors typically >200 µm, a simplifying assumption of planar collector 
surfaces is reasonable (17). 
Assuming >50% surface coverage with roughness on the collectors, the previously defined 
slip-length in Equation 6-13 could be used to represent the corresponding slip-length (rslip) 
for hydrodynamic retardation. When roughness size was set as 0, the hydrodynamic 
retardation functions were the same as those applicable to a smooth surface.  
The new hydrodynamic retardation functions were expressed as  
( ) ( )i i slipf h F h r         (6-14) 
where ( )if h represents the original individual hydrodynamic retardation functions 1 4( )f h  
and ( )iF h represented the modified hydrodynamic retardation functions 1 4( )F h that include 
consideration of collector surface roughness (70).  
To quantitatively evaluate the change in particle deposition due to the changed hydrodynamic 
retardation effect in the presence of the surface roughness, roughness elements were assumed 
to be evenly distributed along the collector surface with >50% coverage. The DLVO 
interaction energy, gravity, and slip-length in the flow field components of the model were 
set to zero during these simulations. A particle loading rate of 10
-3
 m/s was applied and the 
particle and collector radii were 200 nm and 200 μm, respectively. The porosity of the 
packed media calculated from the Happel’s sphere-in-cell approximation for the flow field 
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profile was 0.38. Dimensionless slip lengths of 0 to 1.0 were used to reflect the different 
roughness sizes. 
6.3.6 DLVO force modifications for approaching particles 
To describe changes in DLVO interaction energies between the approaching particle and 
collector surface, a recently reported, computationally efficient approach for approximating 
these interaction energies was applied(69,70). In brief, particle-surface total DLVO 
interaction energies in the presence of surface roughness were approximated by the pairwise 
summation method under the assumptions of constant chemical potential (38, 62). The 
selected chemical potentials for the particle and collector surfaces were in the range of ±25 
mV to satisfy the linear approximation of the Poisson-Boltzmann equation for the EDL force 
calculation. The determined EDL interaction can be expressed analytically as described by 
Hogg et al. (1966) (63).  Ionic strengths ranging from 1mM to 100mM KCl were selected for 
the numerical simulations; the corresponding Debye-Hückel lengths ranged from 0.963 nm to 
9.63 nm respectively. 
The total interaction energy arising from VDW and EDL forces (UTotal 
DLVO
) by the pairwise 
summation method can be described as  
1 1
DLVO VDW EDL
Total Total Total
n n
VDW VDW EDL EDL
PS PR PS PR
i i
U U U
U U U U
 
 
    
   (6-15) 
where the VDW
PSU and 
EDL
PSU represent the VDW and EDL interaction energies between the 
approaching particle and bottom surface and VDW
PRU  and 
EDL
PRU represent the VDW and 
EDL interaction between the particle and the roughness elements on the surface. 
In this study, the un-retarded VDW interaction energy using Hamaker’s approach was used 
to evaluate the VDW interaction energy between the approaching particle to the rough 
surface ( VDW
PSU and 
VDW
PRU ). The linear approximation of the Poisson-Boltzmann equation 
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was used to assess the EDL interaction energy between the approaching particle and rough 
surface ( EDL
PSU  and 
EDL
PRU ) individually(36, 38, 64).  
1
( )
6 1 14 /
VDW P
PS
Aa
U
h h 
 

      (6-16) 
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  (6-19) 
where i and j represent the rough sphere and approaching particle, Rij is the center-to-center 
distance between two spheres, 
ijA is the Hamaker constant between i and j in a solution, λ is 
the characteristic wavelength, 1  and i are the respective chemical potentials of the two 
spheres, and h and H respectively are the true and dimensionless surface-to-surface distances. 
To meet the requirement for applying the linear approximation of the Poisson-Boltzmann 
equation to the EDL interactions, the chemical potentials for the colloidal particle and 
collector surface were assumed to be 20 mV and -20mV respectively. As a result, for all 
simulations, the net force between the colloidal particle and collector was attractive and 
without an interaction energy barrier. The overall size of surface roughness was evaluated 
from 0 nm to 600 nm. Other parameters were kept identical to those in Figure 6-2. The VDW 
and EDL force formulas used to calculate DLVO interaction energies in this study were 
validated by comparing the simulation results to published data (65). In these validation 
experiments, the size of the rough sphere (ar) was set to 0 (i.e., a smooth sphere) and s was 
100 nm. Gravity effects were excluded during all of the simulations.  
 203 
6.3.7 Numerical methods 
The numerical solution of Equation 6-2 with all boundary conditions was solved by the finite 
element method using a commercial simulator COMSOL 3.5a
®
 (COMOSL, Inc., Canada). 
The simulation domain was discretized using quadrilateral meshing. Highly refined meshes 
were required at the regions with high concentration gradients or large tensors of applied 
forces. Because a steep particle concentration gradient existed in the vicinity of the collector 
surface, extremely fine mesh elements smaller than the Debye-Hückel length (e.g., 10
-4
 in 
dimensionless size) were utilized at the bottom of the collector surface.  Therefore, the 
simulation domain was divided into two domains: 1 and 2. The sub-region close to the 
bottom surface was defined as Domain 1. It was meshed by larger numbers of meshing 
elements to guarantee accurate numerical simulation. The total number of mesh elements 
employed in the simulation was 400,000, 70% of which were mapped within Domain 1. 
Neumann boundary conditions were applied on the boundaries of Domains 1 and 2. 
6.3.8 Model validation 
Validation of the Convection-Diffusion model developed in COMSOL
®
 (including selected 
formulas, boundary conditions and finite element calculations) involved comparing the 
numerical solutions with published numerical results. Figure A-10(Appendix D) shows a 
representative plot of results from simulations using the developed model. It depicts 
dimensionless particle deposition flux (Sh) as a function of location (𝜃) on the spherical 
collector at a flow rate of 10
-5
 m/s. The particle deposition flux (Sh) at different ionic 
strengths ranging from 10
-6
 to 10 
-4
 mol/L and the no EDL interaction condition are plotted 
for comparison (Figure A-10). The solid lines represent numerical results for Sh (Figure A-
10) previously reported by Elimelech and Song (1992) (13). The open circles represent the 
calculated dimensionless particle deposition fluxes from simulations using the developed 
model. The two sets of data demonstrate excellent agreement and validate the current model 
by demonstrating that it is able to describe colloidal particle deposition on smooth collectors 
(i.e., in absence of collector surface roughness) in spherical geometry to yield the same 
results as a previously published model (13). 
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6.4 Results and discussion 
6.4.1 Surface roughness effects on flow field profile 
Figure 6-2 depicts the (a) tangential (v𝜃) and (b) radial flow (vr) velocity components as a 
function of the radial location on the spherical collector (𝜃). The tangential velocity for all 
simulated results using different slip lengths approaches zero when 𝜃 = 0 or π and achieves 
maximum values when 𝜃=0.5π. Illustrated in Figure 6-2 (a), bigger dimensionless slip-
lengths result in higher tangential flow velocity, indicating higher flow-derived shear forces. 
The radial flow velocity component also increases with increased slip-length (Figure 6-2 (b)) 
indicating higher particle flow velocity towards to the target surface, which alternatively 
leads to more particles available for attachment. Flow field changes that were attributable to 
surface roughness resulted in changes in particle deposition flux that followed patterns 
similar to those of the flow velocity components (i.e., v𝜃 and vr).  When surface roughness 
size (slip-length for a fixed particle size) increased, total particle deposition flux on the 
spherical collector surfaces increased (Figure 6-3(a)) due to changes in the flow velocity 
profile. The incremental changes in deposition flux due to flow field changes were relatively 
small when slip-length was smaller than 0.1, but they became more substantial at slip lengths 
greater than 0.1. Higher flow fields enable the fluids to carry more particles to the vicinity of 
spherical collector surface; therefore, for a fixed attachment efficiency (α), more available 
particles could result in more deposition flux.    
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Figure 6-2. a) The tangential (v𝜃) and b) radial (vr) flow velocity components as a function of the radial 
location on a spherical collector (𝜃) at different slip-lengths. The particle and collector surface potentials 
= -0 mV and 0 mV respectively; particle radius = 200 nm; collector diameter = 200 µm; porosity = 0.38; 
temperature = 25 ˚C, Hamaker constant = 1x10-20 J; loading rate = 10-3 m/s; cut-off distance δ = 1 nm; 
and gravity number = 0. The curves correspond to the following flow field modified slip lengths: 0, 
0.0001, 0.001, 0.01, 0.1 and 1. 
6.4.2 Surface roughness effects on hydrodynamic retardation functions 
Figure 6-3(b) depicts dimensionless particle deposition flux (Sh) due to different sizes of slip 
length (used to modify hydrodynamic retardation) as a function of the radial location on the 
spherical collector (𝜃). Increased slip-length resulted in increased total dimensionless particle 
deposition flux (area under the Sh curve). Here, due to the presence of surface roughness, the 
hydrodynamic retardation functions have less repulsive effect relative to that from a smooth 
surface. This enables approaching particles to more readily move closer to collector surfaces 
and to be removed from the bulk solution. The majority of the increase in particle flux occurs 
on the first half of the collector surface (i.e., the surface facing the flow) where 𝜃 is between 
0 and 0.5π. These results are consistent with recently reported results describing particle 
deposition on rough surfaces in a parallel plate chamber (69,70). In both cases, the presence 
of surface roughness increased particle deposition flux by reducing the hydrodynamic 
retardation effect. 
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Assuming that the same slip-length can be used to modify the flow field profile and 
hydrodynamic retardation functions for a specific surface roughness element size, the 
deposition flux under the net effect of increased flow velocity and reduced hydrodynamic 
retardation is presented in Figure 6-3(c). In this figure, gravity and DLVO interaction effects 
were excluded and set to zero. The total increase in particle deposition flux (ΔSh = Shslip – 
Shslip=0) associated with concurrently applying the same slip-length to the flow field and that 
hydrodynamic retardation functions was not additive. Specifically, the total increase in 
particle deposition flux Figures 6-3 (c) was greater than the value obtained by adding the ΔSh 
from Figures 6-3 (a) and (b) for the corresponding slip-lengths. For example, when the slip-
length increased from 0 to 1, the total particle deposition flux over the collector surface 
increased by 3.9% and 80.3% due to respective changes in the flow field and hydrodynamic 
retardation functions. The concurrent impact of these factors on total particle deposition flux 
(99.9%) in Figure 6-3(c) is significantly more than sum of individual contributions that the 
total particle deposition flux. The particle deposition fluxes have a positive relationship to the 
scales of roughness. Under the net effects of higher flow velocity and lower hydrodynamic 
retardation effects due to the presence of surface roughness, Sh are increased significantly. 
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Figure 6-3. Particle deposition flux (Sh) changes as a function of different slip-lengths used to modify a) 
only the flow field around a spherical collector, b) only the hydrodynamic retardation functions and c) 
both the flow field and hydrodynamic retardation functions.  The particle and collector surface potentials 
= -0 mV and 0 mV respectively; particle radius = 200 nm; collector diameter = 200 µm; porosity = 0.38; 
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temperature = 25 ˚C, Hamaker constant = 1x10-20 J; loading rate = 10-3 m/s; cut-off distance δ = 1 nm; 
and gravity number = 0. The curves correspond to the following flow field modified slip lengths: 0, 
0.0001, 0.001, 0.01, 0.1 and 1. 
6.4.3 Surface roughness effects on DLVO interaction energy 
In Figure 6-4(a), the DLVO interaction energy curves between an approaching particle and 
collector surface with different roughness element sizes are presented as a function of the 
dimensionless separation distance (H). Notably, all of the calculated interaction energies are 
negative (indicating a net attractive force between the particle and collector surface); this is 
what would be expected in absence of an energy barrier to particle deposition. To 
quantitatively compare the interaction energies for different roughness sizes, the value of 
interaction energy at a cut off distance of 1 nm is presented in the inserted figure of Figure 6-
4(a).  When roughness element size increased from 0 to 600 nm, the absolute values of 
interaction energy first decreased to a minimum value and then increased. In this case, a 
critical roughness size around 60 nm resulted in the minimum absolute value of interaction 
energy. The magnitude of the attractive colloidal interactive force, which is the derivative of 
the interaction energy over the distance, decreased to a minimum and then increased 
correspondingly. According to DLVO theory, this greater attractive force should lead to 
higher particle deposition flux on the collector surface. 
Dimensionless particle deposition flux on the collector surface as a function of the radial 
location on the spherical collector (𝜃) is presented in Figure 6-4(b) for different roughness 
features. Here, the gravity and slip-length effects for the flow field and the hydrodynamic 
retardation functions were “turned off” by setting the gravity number and roughness element 
ar for hydrodynamic retardation functions to zero. All other physico-chemical parameters 
were identical to those in the Figure 6-3. The inserted figure describes the localized 
deposition flux for different roughness features when theta (θ) is equal to 100º.  Here, the 
overall and localized dimensionless particle deposition flux followed the same pattern as the 
change of the DLVO interaction energy along the radial distance from the spherical collector. 
Maximum deposition was achieved on the smooth surfaces when the roughness size was 
equal to zero. When the surface roughness size increased from 0 to 600 nm, the deposition 
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flux decreased to the minimum value, then it increased and reached a second maximum when 
the surface roughness increased beyond 60 nm and kept increasing until it reached the 
biggest roughness size investigated (600 nm). According to classic DLVO theory, the applied 
net forces on the approaching particle determine the final fate of particle deposition. A 
critical roughness size was identified through the simulation at 60 nm roughness and led to 
the minimum magnitude of applied force (Figure 6-4(a)) and accordingly, the minimum 
deposition flux (Figure 6-4(b)). This observation regarding the contribution of roughness to 
particle deposition is consistent to the experimental and numerical results obtained in parallel 
plate system, which indicated a non-linear, non-monotonic relationship between roughness 
size and particle deposition flux was observed when the DLVO interaction was the dominant 
mechanism driving deposition (69,70).    
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Figure 6-4. a) DLVO interaction energy curves and the absolute values of interaction energy at a cut-off 
distance of 1 nm for different roughness element sizes and b) particle flux for different roughness element 
size solely impacted by DLVO force and the corresponding flux at x*=100. Particle and collector surface 
potentials = -20mV and 20mV respectively; ionic strength = 100mM KCl; particle radius = 200nm; 
collector diameter = 200 µm; temperature = 25 ˚C; and Hamaker constant = 1x10-20 J. The curves 
correspond to rough spheres with radius ar: 1, 2, 5, 10, 20, 50 and 100nm. 
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6.4.4 Surface roughness effects on particle deposition 
In the previous sections, the effects of surface roughness on the flow field, hydrodynamic 
retardation effect, and the DLVO interaction energy on particle deposition flux on the 
spherical collectors were evaluated individually. Here, the responses of the particle 
deposition flux (Sh) to the spherical collector surfaces with different roughness due to all of 
the contributions explored above are assessed and discussed. The predicted deposition fluxes 
in the presence of the surface roughness using representative roughness values ranging from 
0 to 60 nm are shown in Figure 6-5. The selected roughness sizes were limited to <100 nm to 
be consistent with the experimental assumption of roughness size that is smaller than 
approaching particle radius. All of the other physico-chemical parameters were identical to 
those utilized in Figure 6-4. In the simulations, a cut-off distance of 1nm was used for the 
closest location for attachment to avoid nonphysical divergence of VDW interactions at the 
contact surface. Preliminary calculations showed that the results did not change significantly 
when the cut-off distance was changing from 0.1 to 2 nm.  
Particle deposition generally increased with increased nano-scale roughness at the conditions 
investigated; however, an overall non-linear, non-monotonic impact of surface roughness on 
particle deposition is demonstrated in Figure 6-5. When roughness size was smaller than 30 
nm, particle deposition flux was not significantly enhanced by surface roughness. When the 
roughness size was greater than 30 nm, the increase in particle deposition flux was more 
pronounced. The slip-length for the flow field and the hydrodynamic retardation effect 
always have positive contributions to the deposition flux, whereas the DLVO interactions 
change non-linearly with roughness size, thereby having a non-linear, non-monotonic impact 
on the particle deposition flux. When the roughness was smaller than the critical roughness, 
DLVO interactions decreased with increased roughness size and counter-acted the enhanced 
deposition flux associated with increased flow velocity and reduced hydrodynamic 
retardation. When the roughness was greater than the critical size, the deposition flux 
increased substantially under the net effects from all of the mentioned forces acting upon the 
particle. 
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Figure 6-5. Particle deposition flux (Sh) for different roughness element sizes resulting from the 
concurrent impacts of modified flow field, hydrodynamic retardation functions and corresponding 
DLVO interactions. The curves correspond to rough spheres with radius ar: 0, 1, 2, 5 and 10 nm 
respectively. Gravity number = 0; slip-length for flow field and hydrodynamic retardation functions = 0; 
particle and collector surface potentials = -20mV and 20mV respectively; ionic strength = 100mM KCl; 
particle radius = 200nm; collector diameter = 200 µm; temperature=25˚C; and Hamaker constant = 1x10-
20
 J. 
6.5 Evaluation of surface roughness impacts on particle deposition under 
different operational conditions. 
Particle deposition flux on the spherical collector surfaces with different roughness sizes was 
evaluated as a function of particle loading rate, approaching colloidal particle size, and 
background electrolyte ionic strength. Selected roughness element sizes (6 nm, 30nm, 120 
nm and 240 nm) were evaluated. Particle loading rates of 10
-2
, 10
-3
, 10
-4
 and 10
-5
 m/s were 
employed. Five sizes of particle radius (100nm, 200nm, 500nm, 750 nm and 1000 nm) were 
used to evaluate the effect of approaching particle size. Four levels of ionic strength 
(100mM, 50 mM 10mM and 1 mM KCl) satisfying the theoretical assumptions of pairwise 
summation method for DLVO interaction energy were evaluated. The effect of gravity was 
excluded from the simulations by setting approaching particle density to the density of water. 
The overall deposition flux on the entire collector surface (𝜂) was calculated using Equation 
6-9. The dimensionless particle deposition flux 𝜂/𝜂0 (the ratio of dimensionless flux under the 
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influence of all physico-chemical interactions to the flux impacted only by Brownian motion 
without consideration of DLVO interaction, gravity and hydrodynamic retardation effects - 
the Smoluchowshi-Levich approximation) was evaluated. The ratio 𝜂/𝜂0 was expected to be 
greater than 1.0 due to the attractive double layer force. 
6.5.1 Effect of loading rate 
Figure 6-6 depicts the cumulative particle deposition flux ratio (𝜂/𝜂0) on a single spherical 
collector for different roughness element sizes as a function of different particle loading 
rates. To exclude the effect of EDL interactions, an ionic strength of 100 mM (the 
corresponding κ-1 was 0.96 nm) was chosen and the chemical potentials for the colloidal 
particle and collector were -20mV and +20 mV. The cut-off distance of 1 nm for flux 
determination from the model was chosen to avoid an unrealistic attractive force arising from 
VDW forces near the collector surface. The roughness size was between 6 nm and 240 nm 
with the roughness element radius between 1nm and 40 nm. The corresponding slip-lengths 
for the flow field and hydrodynamic retardation functions were between 0.003 and 1.2.  
The estimated cumulative deposition flux ratio 𝜂/𝜂0 was always greater than unity, indicating 
that colloidal particle deposition was enhanced under the net effects of diffusion, convection, 
hydrodynamic retardation, and VDW and EDL interactions, as compared to the situation 
where particle deposition is solely diffusion dominated. Figure 6-6(a) depicts the cumulative 
deposition flux ratio as a function of different roughness sizes for various loading rates. At 
the same loading rate as shown in Figure 6-6(a), the roughness sizes examined had a positive 
impact on the cumulative deposition flux ratio 𝜂/𝜂0; specifically, bigger roughness size 
resulted in a higher 𝜂/𝜂0 ratio. The differences between the 𝜂/𝜂0 ratios obtained from 
simulations employing different roughness sizes on the collector are significant. For the same 
range of roughness sizes, the cumulative flux ratio was more sensitive when the loading rate 
was higher. At a lower loading rate (10
-5
 m/s), increased roughness element sizes on the 
spherical collectors only increased the 𝜂/𝜂0 ratio by 7 %. Here, the behavior of the colloidal 
particle was mainly dominated by pure convective and diffusive mechanisms (𝜂0) and the 
influence from the modified flow field, hydrodynamic retardation and DLVO forces was 
 212 
relatively inconsequential.  In contrast, when the loading rate increased to 10
-2
 m/s, 
convection became more significant to particle deposition and the cumulative flux ratio (𝜂/𝜂0 
) increased 126% when the roughness size increased from 6 nm to 240 nm.  
Figure 6-6(b) depicts the cumulative deposition flux ratio as a function of different loading 
rates for various roughness sizes. When the roughness is ranging from 6nm to 240 nm; 
however, the concurrent impact of loading rate and collector roughness size on approaching 
particle deposition was clearly non-linear and non-monotonic. While the loading rate is 
increasing from 10
-5
 to 10
-2
 m/s, the values of 𝜂/𝜂0 first decreased to a minimum value and 
then increased with the increased loading rate. A critical value of loading rate was observed 
for each roughness size; this contributed to the minimum value of 𝜂/𝜂0 that was observed in 
each scenario. Although, this critical value varied with different combinations of loading rate 
and roughness size, it was consistently observed.  
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Figure 6-6. Cumulative particle deposition flux ratio (𝜂/𝜂0) for a single spherical collector as a function of 
a) roughness size at different loading rates and b) loading rate at various roughness sizes. Gravity 
number = 0; particle and collector surface potentials = -20mV and 20mV respectively; ionic strength = 
100mM KCl; particle radius = 200nm; collector diameter = 200 µm; temperature = 25 ˚C; Hamaker 
constant = 1x10
-20
 J; and porosity = 0.38. The curves correspond to rough spheres with radius ar: 1, 5, 20 
and 40 nm respectively.  
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6.5.2 Effect of particle size 
The cumulative particle deposition flux ratio 𝜂/𝜂0 is plotted as a function of particle radius for 
different collector surface roughness sizes (Figure 6-7). Deposition of particles sized 100nm, 
200nm, 500nm, 750 nm and 1000 nm in radius was simulated at a loading rate of 10
-4
 m/s. 
All of the 𝜂/𝜂0 ratios were greater than 1, indicating enhanced particle deposition by the net 
effect of flow field, hydrodynamic retardation and DLVO forces. 
The contribution of particle size to cumulative particle deposition flux ratio 𝜂/𝜂0 was similar 
to that observed for loading rate. For a given particle size, rougher collector surfaces 
generally retained more particles at the conditions investigated. The extent of this enhanced 
deposition was greater for larger sized particles, as shown in Figure 6-7(a). For example, 
when roughness size increased from 6 to 240 nm, the 𝜂/𝜂0 ratio increased by 10.0% and 
58.8% for 100 and 1000 nm particles, respectively. Bigger particles were also more sensitive 
to changes in roughness. Deposition of small particles were dominated by diffusion whereas 
bigger particles experienced a relatively lower degree of diffusion and changes in convection 
(flow field) and hydrodynamic retardation contributed governed the significant increases in 
deposition as a result of increased collector surface roughness; regardless of approaching 
particle size, but especially for larger particles.  
Figure 6-7(b) depicts the cumulative deposition flux ratio for various roughness sizes as a 
function of particle radius. Notably, a minimum particle deposition flux was observed for 
particles approximately 1 µm in size (radius of ~500 nm); this is consistent with the well-
known minimum deposition flux for smooth surfaces (1, 23, 66), with which the model 
developed herein shows excellent agreement (results not shown for smooth surfaces). Here, 
the values of 𝜂/𝜂0 varied considerably for different roughness element sizes, particularly for 
the larger 1.5 and 2.0 µm (750 and 1000 nm in radius) sized particles investigated. 
When roughness size was small (6nm and 30 nm), the shape of deposition curves for 
different particle sizes followed a pattern similar to that of a smooth surface. In contrast, 
when the roughness size was relatively large (e.g., 120 nm and 240 nm), the “sag effect” (68) 
associated with the minimum values of 𝜂/𝜂0 was less pronounced, though still very evident. 
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When the roughness features of media are taken into the consideration, the shape of 
deposition curves (and thus also the single collector efficiency curves) can be altered 
significantly. Notably, the amount of minimum deposition and its relationship to critical 
roughness size and particle radius can markedly shift as well. When determining the particle 
size associated with the minimum deposition in a granular media filtration system, not only 
should particle size be considered (as it is in most contemporary modeling approaches), but 
roughness attributes such as roughness size and distribution also should be taken into the 
consideration. Without a doubt, where applicable, these considerations may contribute to 
explaining discrepancies between model-based expectations of minimum particle deposition 
or removal efficiencies for particles near 1.0 μm in size experimental investigations in which 
these relationships were not observed (26, 32, 67). 
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Figure 6-7. Cumulative particle deposition flux ratio (𝜂/𝜂0) on a single spherical collector with a) different 
roughness element sizes as a function of different particle sizes and b) different particle size as a function 
of various roughness sizes. Gravity number = 0; particle and collector surface potentials = -20mV and 
20mV respectively; ionic strength = 100mM KCl; loading rate = 10
-4
 m/s; collector diameter = 200 µm; 
temperature = 25˚C; Hamaker constant = 1x10-20 J; porosity = 0.38. The curves correspond to rough 
spheres with radius ar: 1, 5, 20 and 40 nm.  
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6.5.3 Effect of ionic strength 
The cumulative particle deposition flux ratio 𝜂/𝜂0 is plotted as a function of bulk solution 
ionic strength for different collector surface roughness element sizes (Figure 6-8). Four levels 
of ionic strength (1mM, 10mM, 50 mM and 100mM KCl) were selected for the simulations. 
A 200 nm approaching particle radius and a 10
-4
 m/s loading rate were utilized. Other 
physico-chemical parameters were identical to those used in Figure 6-7.  
For a given ionic strength, increased surface roughness consistently resulted in increased 
particle deposition at the conditions investigated (Figure 6-8(a)). When roughness increased 
from 6 to 240 nm, the values of 𝜂/𝜂0 ratio increased similarly, regardless the changes of ionic 
strength. The presence of roughness decreased the hydrodynamic retardation effect. Bigger 
roughness results in less retardation and therefore facilitates more particles to approach the 
vicinity of collector surfaces. Without the presence of an energy barrier (as was the case for 
all of the simulated scenarios), more deposition flux was expected.   
For a given roughness size, particle deposition slightly decreased due to the more compressed 
double-layer and the reduced EDL force when ionic strength increased from 1 mM to 
100mM (Figure 6-8(b)). Nonetheless, the DLVO forces were always attractive across the 
range of investigated ionic strengths and, as would be expected, their impacts did not 
significantly affect particle deposition. With the changes in ionic strength, the Debye- Hückel 
length (κ-1) increased from 1 nm to only 10 nm. Therefore, only a small number of colloidal 
particles were under the influence of the extended attractive double layer force and 
contributed to enhanced deposition; accordingly, a significant amount of deposition 
enhancement was not observed. This result is consistent with other reported data that indicate 
that the enhancement due to ionic strength is not significant when it is higher than the 
equivalent of 0.1mM KCl (13).  
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Figure 6-8. Cumulative particle deposition flux ratio (𝜂/𝜂0) on a single spherical collector with a) different 
roughness element sizes as a function of various ionic strengths and b) different ionic strengths as a 
function of various roughness size. Gravity number = 0; particle and collector surface potentials = -20mV 
and 20mV respectively; loading rate = 10
-4
 m/s; particle radius = 200 nm; collector diameter = 200 µm; 
temperature = 25˚C; Hamaker constant = 1x10-20 J; and porosity=0.38. The curves corresponded to the 
following radii of roughness spheres ar: 1, 5, 20 and 40 nm respectively.  
A non-linear impact of surface roughness on particle deposition has been demonstrated in the 
present study. Here, it is demonstrated that the non-linear, non-monotonic impact of nano-
scale roughness on collector surfaces roughness on particle deposition is consistently 
observed, regardless of particle size, particle loading rate, and background electrolyte 
solution ionic strength. The relative magnitude of this impact depended on the combination 
of operational parameters. It is important to incorporate surface roughness into the 
Convection-Diffusion equation, with accurate representation of its associated impacts on the 
flow field, hydrodynamic retardation, and DLVO forces. When determining the particle size 
associated with the minimum deposition in a granular media filtration system, not only 
should particle size be considered, but roughness attributes such as roughness size and 
distribution also should be taken into the consideration. Without a doubt, where applicable, 
these considerations may contribute to explaining discrepancies between model-based 
expectations and experimental outcomes.  
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Chapter 7 
 
Conclusions 
7.1 Overall significance of this work  
An understanding of particle deposition on surfaces is critical to a wide range of applications 
including chemical and microbial fate and transport in the environment, chromatographic 
separation, semiconductor manufacturing, membrane fouling, enhanced oil recovery, and 
human health to name a few. The transport and fate of particles including microorganisms 
during physico-chemical filtration in natural and engineered aquatic environments remains 
essential for effective and sustainable drinking water treatment and wastewater reclamation, 
as well as understanding and assessing the risk of environmental contamination of water 
supplies. The development of models to predict particle deposition by physico-chemical 
filtration has been ongoing since the 1960’s. What is now considered classical colloid 
filtration theory (CFT) was developed in the 1970’s to predict particle removal during 
granular media filtration used for drinking water treatment. More recently, CFT has been 
applied to various applications related to subsurface particle and microbial transport and fate, 
including riverbank filtration, aquifer storage and recovery, bioremediation, and assessment 
of contaminant transport and fate.  
The classical theory of colloidal stability developed by Derjaguin, Landau, Verwey, and 
Overbeek, collectively known as the DLVO theory, is typically used in CFT models to 
describe the interactions between particles and media grain (collector) surfaces. Traditionally 
used to evaluate the total interaction energy as a function of separation distance between a 
non-biological particle and a flat surface, DLVO theory considers the sum of repulsive 
electrostatic double layer and attractive van der Waals forces. Significant discrepancies 
between predictions of particle deposition from current CFT models and experimental 
observations have been reported. While several model variations of CFT have been reported, 
models focusing on integration of impacts of collector surface geometry and physically-
based mechanisms such as hydrodynamics have been rarely reported.  
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The results of this study prove that factors like collector surface roughness should be 
considered when modeling particle transport and fate because they may substantially impact 
particle deposition – this type of significant impact was demonstrated herein for some cases 
of surface roughness. A non-linear, non-monotonic relationship between particle deposition 
and collector surface roughness was identified and confirmed through experiments and 
numerical modeling in a parallel plate chamber and a bed packed with a porous medium. A 
mathematical model framework incorporating surface roughness and associated effects of 
hydrodynamics on particle deposition was developed, verified, and shown to result in 
improved particle deposition prediction capacity. 
7.2 Conclusions  
Several key conclusions have been demonstrated from this work. They include: 
1. There is a significant non-linear, non-monotonic relationship or “sag effect” between 
collector surface roughness size and particle deposition. Experimental observations in 
packed columns and a parallel plate chamber verified that the presence of roughness 
significantly impacted the deposition of colloidal particles. The well-controlled 
operational conditions applied in the present investigation minimized and essentially 
excluded the confounding impacts of surface chemical heterogeneity, surface 
hydrophobicity, a secondary energy minimum, particle aggregation and blocking 
effects. 
 
Depending on the physico-chemical conditions of the system, a dynamic equilibrium 
can be reached between the forces that favor and impair particle attachment to 
collector surfaces. Increases in particle deposition due to increased roughness on 
media surfaces (relative to smooth media) can be explained by lower interaction 
action energies that result in more attractive DLVO forces. Flow velocity conditions, 
the shear lift force, and particle rolling  may help to explain the observed 
experimental observations as they can contribute to reduced particle deposition 
(relative to smooth surfaces) when a colloidal particle interacts with media surface 
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roughness features. The results of this study underscore the need for experimental 
investigation and mathematical modeling to further elucidate the forces and 
mechanisms that govern this non-linear, non-monotonic impact of media surface 
roughness on particle deposition. 
 
2. The morphology (size and distribution) of collector surface roughness is significant to 
particle deposition. 
 
3. The deposition of smaller particles on surfaces is more sensitive to surface roughness 
than that of larger particles in parallel plate chamber. In contrast, the deposition of 
bigger particles is more sensitive to surface roughness in porous media . 
 
4. The effect of gravity cannot be excluded a priori during development of predictive 
mathematical models of clean bed colloidal particle deposition. This underscores the 
importance of including precise measurements of particle size and density in 
modeling simulations.  
 
In the parallel plate experiments, the deposition flux curves along the flow direction 
showed different patterns for different sizes of particles. When diffusion dominated 
the deposition process (for smaller particles), maximum particle deposition (Shexp) 
was observed at the inlet of the parallel plate chamber. Particle deposition then 
decreased asymptotically with increasing distance from the inlet to the chamber 
(consistent with the analytical solution for particle deposition). When gravity 
dominated the deposition process (for larger particles), the deposition rate gradually 
increased with the distance from the chamber inlet and reached a plateau, while the 
minimum deposition flux was observed at the inlet of the chamber.  
 
The observed deposition flux was not uniformly distributed across the entire length of 
the target surface because the magnitude of deposition rate was related to the distance 
to the inlet of parallel chamber. It was critical to determine the distance to the 
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chamber inlet when comparing deposition rates for different operational scenarios. As 
with most experimental work, quality assurance and control was critical for obtaining 
accurate and reproducible results. Well-controlled operational conditions (e.g. 
uniform flow rate, isolated spheres, adequate initial particle concentration, proper 
washing procedures to enable slide reuse, etc), precise measurements of particle 
deposition (e.g. on-line measurement without disturbance, enumeration program to 
exclude moving or aggregated particles) and appropriate number of acquired data 
were required. 
 
5. Predictive mathematical modeling of clean bed colloidal particle deposition 
influenced by nano-scale surface roughness in absence of an energy barrier can be 
achieved using the convective-diffusion equation and classic CFT approaches. It 
requires incorporation of numerical modifications to appropriately flow field profile, 
hydrodynamic retardation functions, and DLVO interaction energy. 
 
The approaches used to represent the flow field, hydrodynamic retardation, DLVO 
forces, flow field boundary conditions, and convective-diffusion equation boundary 
conditions were individually validated by comparing simulation results to previously 
reported analytical solutions. The study in Chapter 5 was the first to use a slip flow 
boundary condition in filtration modeling. By implementing a dimensionless slip-
length, the flow velocity at the contact surface increased and the hydrodynamic 
retardation effects decreased. The change in the flow field only slightly increased the 
deposition flux; however, the change in the hydrodynamic retardation functions 
significantly improved the deposition flux rate. It was found in the simulations that 
small-scale roughness (1 – 10% of the particle radius) enhanced the particle 
deposition flux significantly. Particle deposition flux was less sensitive to changes in 
roughness size when the roughness was greater than 10% of the particle radius. 
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6. The location of the perfect sink boundary is critical to achieving accurate numerical 
results from predictive mathematical models of clean bed colloidal particle deposition 
influenced by nano-scale surface roughness. Further research regarding short-range 
forces is needed to better determine the most appropriate cut-off distance (δ) for the 
prefect sink boundary. 
 
7. Overall, this work demonstrated that nano-scale surface roughness and associated 
hydrodynamics can impact on particle deposition. These impacts can and should be 
incorporated into predictive mathematical models of clean bed colloidal particle 
deposition. 
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Chapter 8 
Recommendations and future work 
8.1 Recommendations  
This thesis work focuses on how surface roughness impacts particle deposition on surfaces. 
Among numerous applications, this research is directly relevant to physico-chemical 
filtration in natural and engineered drinking water treatment; the experiments discussed 
herein were designed and conducted at operational conditions relevant to several water 
treatment applications including rapid sand filtration and subsurface filtration. Based on the 
results of this study, recommendations are made for further experimental work on particle 
removal (mass transfer) in packed bed filters and parallel plate chambers (Section 8.1.1), 
modeling studies focused on improved mechanistic understanding and mathematical 
representation of phyisco-chemical filtration processes (Section 8.1.2) and water treatment 
plant operations and maintenance (Section 8.1.3).      
8.1.1 Experimental research recommendations  
The following recommendations are for quality assurance when investigating particle 
deposition in parallel plate chamber investigations. 
1. Quantitatively evaluate the size and distribution of surface roughness elements on the 
deposition surface. 
2. Avoid particle/microorganism aggregation using methods that do not affect particle 
surface chemistry (e.g., brief sonication vs. surfactant addition) and confirm outcome 
(particle size distribution evaluation). 
3. Accurately determinate particle density and size. 
4. Select an appropriate initial particle concentration to avoid particle aggregation 
during the investigation to ensure accuracy of particle removal performance 
evaluation and reasonable experimental duration. 
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5. Thoroughly clean experimental apparatus to prevent carryover of attached particles 
between experiments. 
6. Evaluate particle deposition at multiple locations along the direction of flow in the 
chamber because the extent of deposition will change along this distance. 
7. Accurately enumerate deposited particles, taking care to exclude aggregated or 
moving particles; 
8. Whenever possible, collect replicate samples and conduct replicate experiments to 
ensure adequate statistical power in making inferences from the data. 
9. Characterize the physico-chemical properties of the target surface using methods 
such as SEM, AFM, contact angle measurement, and XRD.   
 
The following recommendations are for quality assurance when investigating particle 
deposition in packed bed filters (i.e., column tests). 
1. Characterize the physico-chemical properties of the selected media including surface 
roughness (size and distribution), hydrophobicity, porosity, angularity, and zeta 
potential.  
2. Check the media packing by conducting a tracer test (using an inert tracer) before 
each experiment. 
3. Avoid particle/microorganism aggregation using methods that do not affect particle 
surface chemistry (e.g., brief sonication vs. surfactant addition) and confirm outcome 
(particle size distribution evaluation).  
4. Use suitable enumeration method for quantitative analysis of particle removal (e.g., 
standard concentration curves and spectrophotometric enumeration for higher particle 
concentrations or manual enumeration using microscopy for low particle 
concentrations).  
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5. Quantify mass recovery (and associated mass loss) after each experiment by using 
destructive sampling to enumerate particles attached within the column. 
8.1.2 Modeling recommendations 
This research demonstrated that the presence of surface roughness and its associated 
implications to the flow velocity field, hydrodynamic retardation and DLVO forces should 
not be ignored when investigating particle deposition. The contributions of physical factors 
have to be taken into the consideration in the numerical models.  The following 
recommendations are made for further investigating the contributions of other mechanisms 
(e.g. macroscale roughness, hydrophobicity etc.) on particle deposition using numerical 
modeling. 
1. Discretize and mesh the simulation domain extensively where large gradients exist, 
using subdomains if necessary. 
2. Validate the numerical methods/formulae before implementing these terms in the 
simulators (e.g., linear approximation for the Poisson-Boltzmann equation for 
chemical potential). 
3. Derive the governing equations from first principles (conservation law, etc.), 
including all terms (where possible) to minimize approximation.  
4. Investigate and validate the contributions of individual terms using different 
numerical methods if possible (e.g. Eulerian and Lagrangian methods respectively). 
 
Before implementing the models developed in this study, the following questions related to 
modeling the effect of surface roughness on particle deposition should be answered 
quantitatively. 
1. What type of surface roughness is studied (e.g., nano-scale, micro-scale macro-
scale)?  
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2. Where is the primary energy minimum (alternatively, the cut-off distance to the 
collector surface) located? This is needed to determine the overall particle flux 
deposition over the collector surface when surface roughness is present. 
3. What are the exact values required for the dimensionless slip-length used to account 
for roughness-associated changes in flow field and hydrodynamic retardation 
functions? 
4. What are the contributions of chemical heterogeneity and hydrophobicity on the 
magnitude of dimensionless slip-length? 
5. What is the role of short range forces in the process of particle attachment? 
6. Are all of the relevant forces/interactions/mechanisms included in the mathematical 
frameworks describing mass-transfer?    
8.1.3 Recommendations in practice 
Although this research focused on lab-scale studies, it is still directly relevant to water 
treatment practice because surface roughness is ubiquitous on filtration media (i.e., 
collectors) in natural and engineered systems. The scale of surface roughness (i.e., size of 
roughness elements) and its range of potential impacts on particle deposition are not 
necessarily negligible and should be considered when designing and evaluating physico-
chemical filtration processes. The following recommendations are for water treatment 
research and practice. 
1. Determinate the non-linear, non-monotonic relationship between collector surface 
roughness size and particle deposition efficiency at pilot-scale. 
2. Use the non-linear, non-monotonic relationship between collector surface roughness 
size and particle deposition efficiency obtained at pilot-scale to determine optimal 
media characteristics (including roughness) for enhancing particle removal efficiency 
concurrently with operational targets. 
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3. Determinate the effect of various operational conditions (e.g. loading rate, 
temperature, chemical coagulant dosage, etc.) on the physico-chemical filtration using 
rough media. 
4.  Evaluate the impact of surface roughness in biological filtration systems. 
8.2 Future research   
Other than the recommendations provided in Section 8.1, further fundamental investigation is 
essential for understanding the particle deposition process. Classic DLVO theory should be 
improved to incorporate the presence of short range forces, chemical heterogeneity and 
hydrophobicity. The impact of these mechanisms is observed experimentally, but not well 
studied and characterized from a modeling perspective. A theoretical framework that 
includes all of the interactions and can well describe experimental observations is still 
missing, especially when the energy barrier to deposition is large. 
Theoretical studies on the slip-length in the presence of surface roughness and 
hydrophobicity should be continued. The utilization of slip-length has been successful in 
representing the lubrication effect resulting from irregularities (roughness) on the collector 
surface. The practical utility of this approach now needs to be investigated at a broader range 
of operational conditions. Furthermore, parameters or indices that can represent not only 
micro-, but also macro-scale roughness are needed to incorporate the implications of 
complicated streamlines, straining and wedging on particle entrapment into models for 
particle deposition. 
Existing filtration models including regression based models for single collector efficiency 𝜂 
can be further developed. Most of these models were developed based on fundamental 
assumptions that collector and particle surfaces are perfectly smooth and chemically 
homogenous. Surface roughness, chemical heterogeneity, and hydrophobicity have not been 
included in the associated model simulations. Fitting parameters such as α (attachment 
efficiency) have been introduced to interpret discrepancies between model predictions and 
experimental observations. As fundamental models develop and account for more 
interactions and mechanisms, these regression models should be updated and fitting 
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parameters should be re-examined. Further challenges to scaling-up single collector 
efficiency 𝜂 to predict the filter efficiency λ exist; however, dispensing with unnecessarily 
restrictive and non-realistic assumptions is a reasonable step to advancing filtration process 
understanding and optimization. 
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Appendix A 
Quality control experiments for column test 
Quality control experiment was conducted in Chapter 3 to investigate if the chemical etching 
changed the hydrophobicity of the media surfaces, additional column tests were conducted 
with the media which was dipped in 1% HF acid for 30 seconds (Treatment 3). The other 
physical/chemical operational conditions were same as the one described in Figure 3-3. The 
sample collection time (time interval between two samples) was 20 seconds. As seen in 
Figure A-1, there were no significant differences between the microsphere deposition on the 
medium with Treatment 3 and the smooth medium, thereby suggesting that media surface 
hydrophobicity did not significantly contribute to the observed trends in particle deposition 
 
 
Figure A-1. Representative (a) normalized effluent 4.5 μm microsphere concentration curves for particle 
passage through Medium A (0.71 to 0.84 mm glass beads with porosity = 0.38) with no treatment 
(Treatment 0 - smooth) (■), Treatment 1 – moderately rough (▲), Treatment 2 – roughest (♦) and 
Treatment 3 (x). 
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The microsphere concentration in the effluent samples was determined by measuring UV 
absorbance (HP model 8453 UV-spectrophotometer) at 280 nm and 220 nm for the 4.5 μm 
and 1.0 μm particles respectively. The particle concentrations were then calculated using a 
calibration curve as shown in Figure A-2. Representative curve of the calibration curve for 
4.5 μm colloidal particle was used here whose initial concentrations were ranging from 100-
8000000 particle /ml. The y-axle was the detected absorbance through the samples whereas 
the x-axle was pre-determined particle concentration (particles/ml).  
 
Figure A-2. Representative calibration curve using UV-spectrophotometer: colloidal particle: 4.5 μm, 
initial concentration: 100-8000000 particle/ ml, suspended solution: 100mM KCl, temperature: 22ºC, 
detection wave length: 280 nm. 
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To quantitatively determine the physical propriety of modified glass beads, Mercury 
intrusion porosimetry (MIP) (Porous Materials, Inc.) was used to evaluate the pore volume 
distribution, total surface area and average pore size on the surface of the glass beads. Based 
on the premise that a non-wetting liquid (i.e. Mercury) will only intrude capillaries under 
pressure, information about the media characteristic can be determined quantitatively. The 
cumulative pore volume and cumulative surface area per gram for Medium A and B with all 
the surface modifications were presented in Figure A-3 and Figure A-4 respectively.  
 
Figure A-3. Cumulative pore volume per gram for Medium A and B with all the surface modifications.  
0
0.01
0.02
0.03
0.04
0.05
0.06
0 100 200 300 400 500
C
u
m
u
la
ti
ve
 p
o
re
 v
o
lu
m
e
 (
cc
/g
ra
m
) 
Pore size 
Medium B-T0
Medium B-T1
Medium B-T0
Medium A-T0
Medium A-T1
Medium A-T2
 237 
 
Figure A-4. Cumulative surface area per gram (m2/g) for Medium A and B with all the surface 
modifications. 
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To ensure the filtration column were packed consistently using different medium, measured 
by conductivity bromide concentration breakthrough curves were conducted before column 
test. Representative breakthrough curves were presented in Figure A-5.This figure portrays 
the breakthrough curves of 4 individual experiments, using different configuration such as 
media types and media size (Medium A-T0, Medium A-T1 Medium A-T2 and Medium A-
T3).  
 
Figure A-5. Representative breakthrough curves (Treatment 0 - smooth) (■), Treatment 1 – moderately 
rough (▲), Treatment 2 – roughest (♦) and Treatment 3 (x). 
 
 As shown in the Figure A-5 the normalized concentration achieved a plateau after feeding 
about 2 pore Volume of stock. Because the inert bromide tracer is no reactive to the filter 
media, we assume they will barely be removed during the filtration process. This has been 
shown in the breakthrough curve as well because the plateau is at 1.0 which means no 
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Figure A-6. Representative image of attached fluorescent particle on collector surface after column test 
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Table A-1. Determined experimental results: normalized concentration C/C0 , mass recovery ratio, observed deposition rate (kd) and attachment 
efficiency using Tufenkji and Elimelech’s model (α) and ratio of particle size over media size. Experimental conditions are same as described in Figure 
3-3. 
 
 
  
Particle size  Experimental ID C/C0 Total mass 
retained  
Mass 
recovery  
Observed 
deposition rate (kd) 
Calculated 
TE equation  
Calculated 
Attachment 
efficiency 
Particle size 
/media size 
μm  - - - (s-1)  (α) - 
1.0 Medium A-T0-1.0 0.8729 0.0388 0.9117 0.001002 0.001115 
 
0.706 0.001316 
Medium A-T1-1.0 0.872 0.0145 0.8865 0.0009444 0.666 0.001316 
Medium A-T2-1.0 0.955 0.0223 0.9773 0.0003284 0.232 0.001316 
Medium B-T0-1.0 0.76 0.0589 0.8189 0.002014 0.001501 
 
0.716 0.001852 
Medium B-T1-1.0 0.966 0.0269 0.9929 0.000254 0.090 0.001852 
Medium B-T2-1.0 0.736 0.0597 0.7957 0.002249 0.800 0.001852 
4.5 Medium A-T0-4.5 0.665 0.286 0.951 0.002910 0.002160 
 
1.059 0.005921 
Medium A-T1-4.5 0.787 0.143 0.93 0.001709 0.622 0.005921 
Medium A-T2-4.5 0.485 0.55 1.035 0.005162 1.878 0.005921 
Medium B-T0-4.5 0.297 0.75 1.047 0.008907 0.003370 
 
1.412 0.008333 
Medium B-T1-4.5 0.759 0.2198 0.9788 0.002023 0.321 0.008333 
Medium B-T2-4.5 0.179 0.80 0.979 0.012622 2.001 0.008333 
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Appendix B 
Support information for parallel plate chamber experiments 
A nano-fabrication method using CsCl self-assembly was employed to generate different 
roughness sizes on the quartz slide surfaces. Briefly, CsCl was evaporated at a pressure of 
6 μTorr in a humid chamber and deposited onto the slide surfaces, forming isolated 
hemispheres by kinetic dissolution and deposition at the solid/solution boundary{{461 
Green,M. 1999}}. Subsequently, the slides were exposed to air at a relative humidity of 22% 
and 21°C for 10 minutes. The spherical shapes of thin layers of CsCl (10 nm) were used as a 
mask to pattern the quartz surface using reactive ion etching (RIE) with a constant etch rate 
of 25 nm/minute. This creates surface roughness at targeted sizes of 10 nm, 20 nm, 50 nm, 
100 nm, 200 nm and 400 nm. The schematic of nano-fabrication process was presented in 
Figure A-7. 
 
Figure A-7. Schematic process of nano- fabrication process to create target surface roughness on quartz 
slides, (a) slides cleaning with RCI1 method, (b) thermally evaporate CsCl film and allow it to self-
assemble in the presence of moisture, (c) RIE etching to obtain traget surface roughness and (d) 
thoroughly cleaning 
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Water contact angles were measured to assess quartz slide surface hydrophobicity. The 
representative images for the water contact angle were shown in Figure A-8. 
  
  
  
Figure A-8. The raw images of contact angle measurement for different roughness surface (10, 20, 50, 
100, 200 and 400 nm), the suspended solution: 100mM KCl. 
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Appendix C 
COMSOL simulation in parallel plate chamber 
The numerical solution of the Convective-Diffusion Equation with the four boundary 
conditions was solved using the finite element method (FEM) in the commercial simulator 
COMSOL
®
 3.5a. Highly refined meshes were used for regions with a high concentration 
gradient or a large tensor of applied forces. The interfacial interactions caused by DLVO 
forces and the hydrodynamic retardation functions changed substantially near the bottom 
surface; therefore, a sub-region (Domain 1) close to the bottom surface was defined with a 
large number of mesh elements (250 x 600). The total number of the mesh elements 
employed in the simulations was 330,000; 150,000 of which were exponentially mapped 
within Domain 1. The interface of COMSOL with numerical solutions, variables, constant, 
boundary setting and subdomain setting (Domain 1 and 2) for parallel plate chamber is 
presented in Figure A- 9. 
 
Figure A-9. The interface of COMSOL for numerical solution, constant, variable, boundary setting and 
subdomain setting in parallel plate chamber. 
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Appendix D 
Derivation of Convection-Diffusion Equation in spherical geometry 
The convective- diffusion equation calculation in spherical geometry: 
  
  
       
  
  
   (  )    (    )    (
   
  
 ) 
Application of this equation to coagulation or deposition phenomena shows that a steady is 
established after a short period of time. The steady state form of C-D equation will be shown 
as : 
  (  )    (    )    (
   
  
 ) 
The particle velocity components are determined from the literatures as shown 
     ( )  ( )   
     ( )   
The diffusion coefficient on perpendicular and tangential direction are determined as  
     ( )   
     ( )   
The components of the convective –diffusive equations are calculated a below: 
  (  )           
     
  
  
   
  
 𝜃
   
In spherical geometry: 
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The  [   ] is same as the terms derived in Elimelech, 1994. 
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After comparison, the   (    ) is same as the terms derived in Elimelech. 1994. 
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 ) is same as the term derived in Elimelech, 1994 
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To make the equation dimensionless, we should notice that  
                      
Where ac is the collector size, ap is the particle diameter, y is the distance between particle 
surface to collector surface. To conduct the numerical simulation, several dimensionless 
groups have been introduced below to convert the Convective-Diffusion equation into the 
dimensionless form: 
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By doing the dimensionless transformation, the convective- diffusion equation could be 
written as following: 
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Using all these variables, the particle transportation equation can be written as  
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The terms in the equation labeled as RED in the equation above are the terms which have 
been assumed to be 0. 
To implement the C-D equation into COMSOl simulation within rectangular domain, the 
equation can be re-written as following: 
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where boundary conditions of  
 C (H=0,θ)=0 
C (H~ ,θ)=1 
(
  
 𝜃
)      
have been suggested (Elimelech, 1994); however, different boundary conditions were used 
for these simulations (Jin et al., 2014). 
Note: more realistic boundary should be applied when the Peclect number are small 
(Elimelech 1992) 
      
  
  
        𝜃          𝜃       
  
  
                𝜃    
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The new boundary conditions are continuous over the entire out boundary. 
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The local dimensionless flux is 
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The overall rate of particle deposition I can be expressed as  
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The single collector efficiency is defined as  
𝜂  
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Table A- 2. Dimensionless groups and parameters used in the Convection-Diffusion Equation 
Dimensionless group Expression 
Actual center-to-center distance between particle and collector 
c p c p pr a a y r a a Ha        
Radial velocity component of colloidal particle 
2
1
rv
r sin

 
 


 
Tangential velocity component of colloidal particle 1
v
rsin r






 
Scaled surface-to-surface distance for h / pH h a  
Scaled particle ratio 
p
R
a
N
r
  
Scaled radial velocity component of colloidal particle 
r
r
v
V
U
  
Scaled tangential velocity component of colloidal particle v
V
U

   
Peclet number 2 p
Pe
Ua
N
D
  
Scaled gravity force 
* G p
G
F a
F
kT
  
Scaled interaction energy 
Bk T

   
 
Particle deposition flux. When the dimensionless particle concentration is determined, the 
particle flux perpendicular to the collector surface can be calculated. The prefect sink 
boundary condition was applied to the bottom surface where the approaching particle was 
simultaneously regarded as attached to the collector surface and removed from the simulation 
domain. To avoid the nonphysical divergence of DLVO forces, a cut-off separation distance 
(δ) was utilized to implement the perfect sink boundary condition (Jin et al) and set the 
concentration equal to zero such that 
* 0
H
c

        
With consideration of external forces (e.g., gravity and buoyancy, shear lift force, 
electrostatic double layer force, and van der Waals forces), the non-dimensionless deposition 
flux at the collector surface can be evaluated as  
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r r
r r r
b
c D F
j D u c c
r k T

   

       
To implement the prefect sink boundary conditions, the particle concentration was forced to 
zero when the H was set as zero (c* = 0 when H = 0). To avoid mathematical singularity, a 
very small number (e.g. an arbitrary value of 2*10
-5
) rather than zero was utilized. The 
dimensionless flux of particles to the surface (J*) was calculated at the primary interaction 
energy minimum of a cut-off distance δ by  
 
 
   
 * *1 1
1 2
2 2
, [ ]r G
Pe Pe
f fc
J f f V c F cos c
N H H
H H
H H H
N
 
  

 
 
    
 
    at H    
where the  * ,J H  is the dimensionless particle deposition flux, normalized as  
   *, ,H HJ J Uc        
The overall particle deposition flux perpendicular to the collector surface was integrated over 
the entire surface (0-2π) to evaluate the total rate of particle contact with a single collector 
(I), which is described by    
 2 *
0
2 ( ) 0,I r J sin dUc H

            
The total rate of particle contact with a single collector (I) divided by the rate of particle flow 
toward the projected area of the collector is the overall contact efficiency or single collector 
efficiency (𝜂) and is defined as  
2
c
I
a Uc



       
When diffusion is the dominant mechanism of particle transport to the collector surface, the 
single collector efficiency can be described
13
 analytically as  
1/3 2/34.0* ( )
2
D s
c
D
A
Ua
        
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where As is a porosity-dependent parameter defined as  
52(1 ) /sA p w         
 
Total forces. Numerical solution required determination of the net-external forces on the 
approaching particle. In the present study, only the initial deposition stage (i.e., clean bed 
deposition) was evaluated; therefore, particle-particle and blocking impacts were negligible. 
The net radial force on the particle (FTotal) included the component of gravity, attractive van 
der Waals (VDW) forces, and repulsive electrostatic double layer (EDL) force between the 
particle and collector surface (bottom surface and roughness elements). It can be represented 
as  
Total VDW EDL GF F F F         
where VDWF  and EDLF represented VDW and EDL forces between the approaching particle 
and rough surface. The net VDW and EDL forces are commonly referred to as DLVO forces. 
GF represents gravity. When roughness is commonly present on the target surface, the DLVO 
force component may be modified. 
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Flow field determination. For creeping flow of an incompressible fluid at steady state, the 
fluid velocity field can be determined in spherical coordinates by the following boundary 
conditions         
4 0E           
0rV       when r = ca +b   
( ) 0r
r
V V V
r V r
 

 
  
 
  when r =
ca +b   ) 
where r is the center-to-center distance between the approaching particle and collector, 
rV
and V are the radial and tangential velocity components respectively, and  is the stream 
function.  The radial and tangential flow field velocities can be respectively described as  
2
1
rv
r sin

 
 


       
1
v
rsin r






       
Applying no-slip boundary conditions on the collector surface, the analytical solution for the 
stream function can be written as  
2 3
1 2 3 4
c
c c c
a r r r
A k k k k
r a a a

       
          
        
    
where  
2 / 2cA Ua         
1/3/ (1 )cp a b           
5 62 3 3 2w p p p          
1 1/k w         
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5
2 (3 2 ) /k p w          
5
3 (2 3 ) /k p w         
5
4 /k p w          
The stream function is only valid within the envelope of Happel’s sphere cell with thickness 
(b) described.  
 
 
Figure A- 10. Dimensionless particle deposition flux (Sh) as a function of radial location on a spherical 
collector at a loading rate of 10
-5
 m/s. The figure on the right denotes previously reported values of Sh 
calculated by Elimelech and Song (1998). The symbols on the left represent the numerical solution of the 
Convective-Diffusion equation obtained using Equation 2. 
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Appendix E 
COMSOL simulation in spherical geometry 
The numerical solution of Equation 6-3 to 6-6 with all the boundary conditions was solved 
by finite element method using a commercial simulator COMSOL 3.5a (COMOSL, Inc, 
Canada). The simulation domain was discretized using quadrilateral meshing. For a good 
accuracy of the numerical solution, highly refined meshes were required at the regions with 
high concentration gradient or large tensor of applied forces. a sub-region (Domain 1) close 
to the bottom surface was defined and meshed by larger numbers of meshing element to 
guarantee good accuracy. Neumann boundary conditions were applied on the boundaries of 
Domain 1and 2 according to Equation 6-4 and 6-9.Typical meshing map is presented in 
Figure A-11 and representative result of particle concentration in the simulation domain is 
presented in Figure A-12. 
 
Figure A-11. Typical simulation domain after meshing in COMSOL for spherical geometry 
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Figure A-12. Representative solution of particle deposition in spherical geometry. Parameters used in this 
figure are same as the one used in Figure 6-10. 
